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PRBrAOE 

TO THE FIFTEENTH EDITION. 


The whole of the Fourteenth Edition has been carefully 
revised, whilst the questions at the end of each lecture have 
been worked out by the author's “Engineering Correspondence 
Students” and duly checked. 

The 1905 Examination Fapera of The Institution of Civil 
Engineers on “ The Theory of Heat Engines,” Stages II. and 
HI. of the 1905 Board of Education Papers on “Steam,” as 
well as the 1905 Mechanical Engineering Questions of The 
City anft Guilds of London Institute relating to “ The Theory 
of Steam Engines and the Thermodynamics of Steam ” have 
been included under Appendix D. 

In Appendix B, Lectures XIIL, XVI., and XX. have 
been extended to include a special plate and description of 
the new “Cipollina” duplex indicator, whereby simultaneous^ 
diagrams are obtained from each end of a cylinder; a com- 
plete, detailed, illustrated description of the most economical 
steam engine on record; plates of Corliss engines; a table of 
some of the best and most reliable results of non-condensing, 
compound, triple-expansion engines, and recent steam turbine 
trials. These additions now bring this book up to a total 
of 816 text pages, with 26 preliminary pages. 

I have much pleasure in thanking those firms who kindly 
gave me drawings and data, my engineering correspondence 
students for hints, and, more especially, Mr. John Bamsay, 
A8SOc.M.Inst.(^E., for his help in preparing this Fifteenth 
Edition for the priss. 

ANDREW JAMIESON. 


16 Rosslyn Terrace, Kblvinsidb, 
Glasgow, Janwiry , 1906. 



PREFACE 


viii 

The most economical quadruple-expansion marine engines 
and their boilers, together with their appliances for induced 
draught, superheating, jacketing, and draining — which led to 
their unsurpassed economy of less than one pound of coal per 
I,H.P,-hour — have been very fully illustrated. 

The latest forms of boilers, engines, and condensing plants 
for up-to-date Electric Light and Power Installations have bfen 
depicted and described. 

The causes of, and remedies foi, corrosion in marine con- 
densers and boilers have been discussed. 

Two new Lectures (XXVI. and XXVII, ) have been specially 
written upon the latest and best Steam Turbines for land and 
marine purposes, with a mathematical explanation of their steam 
consumption. These lectures, together with the latest available 
information on superheaters, will, it is hoped, prepare engineer- 
ing students for the rapidly-coming change in the propulsion of 
vessels and the driving of Electric Power Plants. * 

At the end of each lecture there has been given a number 
of Questions in the order of treatment, as well as selected 
Examples from the Board of Education, City and Guilds 
of London Institute, and other sources, to enable teachers to 
Jest with a minimum of trouble how far their students under- 
stand the subject. Further, every question which has yet 
been set by The Institution of Civil Engineers on “The 
Theory of Heat Engines” for their Associate Membership will 
be found in Appendix A. These questions have been arranged 
in the order of their dates under the respective lecture numbers. 

The latest (1904) Board of Education “ Steam,” and the City 
and Guilds of London Mechanical Engineering Questions on 
“ Steam Engines ” will be found in Appendices B and C. 

In Appendix D extracts from the present 1904 Kules and 
Syllabus of the Institution of Civil Engineers are printed as 
a guide to intending candidates for admission 4 as Associate 
Members. Also, the questions set at the Fel![., 1904, Examina- 
tions upon “The Theory of Heat Engines” have been given 
as an example of these well-conducted “ Examinations for the 
Profession.” 



PBEFAOt:. 


IX 


Each source of information to which the author is indebted 
has been duly acknowledged where it occurs. Lists of the best 
and latest ppers read before The Institutions of Civil and 
Mechanical Engineers, &c., and many of the latest books upon 
tho’diflTerent sections have been given by footnotes, so that 
.students may have little difficulty in extending their knowledge 
beyond the scope of this book. 

I have much pleasure in thanking the several engineers and 
firms who kindly gave me information, drawings, and special 
blocks or plates. I have also to thank my chief assistant, 
Mr. John Ramsay, for his help in the preparation of this new 
Fourteenth Edition. 

ANDREW JAMIESON. 

16 UossLYN Terrace, Kelvin side, 

Glasgow, October , 1904. 



ABSTRACT 

OF 

PREFACE TO THE FIRST EDITION. 


In a leading article ou educational Engineering Treatises, which 
appeared lately in a well-known journal, the following remaifis, 
amongst others, struck me as being very suggestive to any 
one engaged in the preparation of a Text-Book for Students, 
and as well worthy of attention : — 

We are convinced that all the instruction contained in a 
great number of the engineering books already published, could 
be printed much more simply and concisely, and also much 
more lucidly, if authors sought only to impart their knowledge 
with the greatest brevity, without thinking at all of displaying 
their own learning or seeking to make a thick volume. , . . 

There is too much paste and scissors work, too much book- 
making and padding nowadays. ... A considerable number 
of engineering books are so learned as to be quite over the 
heads of most students. Many more are so verbose, so laden 
with abstruse formulae, letters, and diagrams, that the solution 
of the simplest question involves hours of time that can ill be 
spared from other work. It is no doubt true, that many 
'engineering questions demand elaborate writing to give a precise 
answer with mathematical exactness j but in the majority of 
engineering practice, absolute exactness of such a nature is not 
necessary, and if a useful approximation will amply suffice, and 
is readily obtainable in some simply written book, that is the 
one that will be adopted,” a 

The object, therefore, aimed at in the following pages, was the 
production of such a “ simply written book ” as should not be 
above the heads of my readers, but should bring the information 
desired, step by step, within their grasp. Whether I have 
succeeded in accomplishing this object, is a question which, of 
course, must be decided by those competent to judge. 

It is designed to be an easy introduction to Professor 
Rankine’s well-known treatise on The SteAffi Engine^ and to 
Mr. Seaton’s practical and highly aj)preciated Mamiol of Marim 
Engineering^ both issued by the publishers of the present 
volume. 


ANDREW JAMIESON. 
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]MECHANIGAL ENGINEERING SYMBOLS, ABBREVIATIONS 
AND INDEX LETTERS 

USED IN PROFESSOR JAMIESON*S “APPLIED MECHANICS 
AND MECHANICAL ENGINEERING” AND 
“STEAM” BOOKS. 


T 


Prefatory Note. — It is very tantalising, as well as a great 
inconvenience to Students and Engineers, to find so many 
different symbol letters being used for denoting one and the 
same thing by various writers on mechanics. It is a pity, 
that British Civil and Mechanical Engineers have not as yet 
standardised their symbols in the same way that Chemists and 
Electrical Engineers have done. The Committee on Notation 
of the •Chamber of Delegates to the International Electrical 
Congress, which met at Chicago in 1893, recommended a set 
of “Symbols for Physical Quantities and Abbreviations for 
Units,” which have ever since been (almos^ universally adopted 
throughout the world by Electricians.* This at once enables 
the results of certain new or corroborative investigations and 
formulae, which may have been made and printed anywhere, 
to be clearly understood anywhere else, without having to 
specially interpret the precise meaning of each symbol letter. • 

In the following list of symbols, abbreviations and index 
letters, the first letter of the chief noun or most important 
word has been used to indicate the same. Where it appeared 
necessary, the fi/rst letter or letters of the adjectival substantive 
or qualifying svords have been added, either as a following or 
as a subscript or suffix letter or letters. For certain specific 
quantities, ratios, coefficients and angles, small Greek letters 
have been used, and I have added to this list the complete 
Greek alphabet, since it may be refreshing to the memory of 
some to again see and read the names of these letters, which 
were no doubt quite familiar to them when at school. 

* These “ SyAbols for Physical Quantities and Abbreviations for Units” 
will be found printed in full in the form of a table at the commencement 
of Munro and JamiSson’s Pocket- Booh of Electrical Rvles and TaJblea, If 
a similar recommendation were authorised by a committee composed of 
delegates from the chief En^eeiing Institutions, it would be gladly 
adopted by “The Profession” in the same way that the present work of 
“ The Engineering Standards Committee” is being acceptea 
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SYMBOLS, £TO. 


Tabus of Mbohanioal Engineering Quantities, Symbols, Units 

AND THEIR ABBREVIATIONS. 

{As used in Prqf, Jamieson’s Ajf^lied Mechanics” and “ Steam* Books*) 


Quantities. 


symbol. _ 


Practical Units. 


Fundamental. 
Length, . 


Time, 

Geometric. 

Surface, . 
Volume, . 


Mechanical. 

Velocity, 

c 

Angular velocity, 
Acceleration, . 


Force, . 


Pressure (per unit] 
area), J 

Work, , 

Potential energy, . 
Kinetic energy, 

Power or activity, . 
JMomentof inertia, . 

Density, . 


r«.^l 

i «,<<>/ 



F=Ma 


Wh = FL 
E,= (TA 

H.P. = 


IT 


{ Square foot, 
Square inch, 
J Cubic foot, 

\ Cubic inch, 

( Degree, 
Minute, 
Second, 

Radian = -- 


Foot per second, . 

J Revs. per second, . 
Revs, per minute, 
Radians j)er second, 

Foot per sec. per sec. 

( Pound weight 1 
< (gravitp-tional > 
( unit), 1 

jr Poundal (absolute\ 
\ unit), / 

Pound per sq. inch. 

Foot-pound, . 
Foot-pound, , 

Foot-pound, . 

S Hor^e power, 
Ft.-lv>. per min., . 
Ft. -lb. per sec., . 

( Pound per cb. ft. , . 

/ Pound perch, in,,. 


ft. -lb. 

H.P. 

ft.-lb./m. 

ft.lb./s. 

lb.-ft.a 

lb. 

ft.® , 
lb. 

157 
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OTHER SYMBOLS AND ABBREVIATIONS IN VOLS. I. AND IL 


A for Areab. 

B, 6 I, Breadths. 

G, 0 , it „ Constants, ratios. 

O jg‘ if Centre of gravity. 

D, d „ Diameters depths, de- 
flections. 

Di, Da, Dg „ Drivers in gearing, 
c £ „ Modulus of elasticity, 
s „ Velocity ratio in wheel 
gearing. 

Fj, Fate’s it Followers in gearing. • 
fat ft it Forces of shear and 
tension. 

H, h ,, Heights, heads. 

H.P., h.p. „ Horse-power. 

B. K.P. ,, Brake horse-power. 
E.H.P. „ Effective „ 

I.H.P. „ Indicated „ 

{ Radius of gyration, or, 
Coef . of discharge in 
hydraulics. 

N, n „ Numbers—e.gr., num- 
ber of revs, per min. , 
number of teeth, &c. 
P, Q „ Push or pull forces. 
R^Rg „ Reactions, resultants, 
radii, resistances. 

i Seconds, space, sur- 
face. 

Displacement, dis - 
tance. 

SF ,, Shearing force. 

TM „ Torsional moment. 

TR ,, Torsional resistance. 
BM „ Bending moment. 

MR yj Moment of resistance. 
RM „ Resisting moment. 

Ti, T, „ Tensions on driving 
and slack sides of 
belts or ropes, &o. 

W|,,Wj, Wu „ Lost, total, and useful 
work. 


X, y, % for Unknotirn quantities. 

Z „ Modulus of section. 

, , , , tension. 

Zc „ „ compression. 


, d for Differential signs which are 
prefixed to another letter; 
then the two together re- 
present a very small 
quantity. 

c, 6 „ R^resents base of Naperian 
Logs =2*7 182 ; for example, 
logs 3 = 1*1. 

ij ,, Efficiency. 

/I ”, Coefficient of frictwn. 

IT „ Circumference of a circle -r its 
diameter. 

^ „ Radius of curvature, radian. 


2 for Symbol for sum total of a 
number of quantities, 
y* I) Sign of integration or sum- 
" mation between limits 0 
and X. 

„ Sign for the difference be- 
tween two quantities. 

0 „ Sign forBquare--e.gr., 10 a 

10 square inches. 

— „ Sign over two letters, PQ, 
for a force ^ting from P 
to^Q, means that they 
represent a vector quantity, 
which has (1) magnitude, 
(2) direction, (3) sense. 

^ „ Sign for equal to or greater 
than. 

^ „ Sign for equal to or less than. 


GREEK ALPHABET. 


B 

y 

Alph% 

Beta. 

1 

K 

t 

K 

r 

Gamma. 

A 

\ 

A 

5 

Delta. 

M 


B 

t 

Eiisilon. 

N 

V 

Z 

1 

Zeta. 

3: 

s 

H 

n 

Eta. 

0 

0 

e 

e 

Theta. 

n 

TT 


Iota. 

P 

P 

Rho. 

Kappa. 

Lambda 

2 

T 

O’ or 

T 

i Sigma. 
Tan. 

Mu 

Y 

V 

GpsUou, 

Nu 


4> 

X 

Phi. 

XL 

X 

Ohi. 

Omicron 


V 

Psi. 

Pi 

Q 

at 

OmSga. 
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SYMBOLS, BTC. 


ADDITIONAL SYMBOLS AND ABBREVIATIONS , USED IN 
THIS STEAM BOOK. 


B.T.U. for British thermal units, 
c ,, Clearance volume. 

Cy ,, Calorific value. 

E, Ef „ Evaporation factor. 

Ej ,, Internal energy. 

h ,, heat any (sensible) small 
quantity. 

H, H,, ,, Total heat of evaporation. 

Hg ,, Heat (external) or work 
done during evapora- 
tion. 

Hj „ Heat (internal) or work 
done during evapora- 
tion. 

H^^ ,, Heat units per lb. of 
saturated steam 

Hgjj ,, Heat units per lb. of 
superheated steam. 

Hg. f, Heat (specific) of steam. 

J „ Joule’s mechanical equi- 
valent of the unit of 
heat. 

L „ Latent heat of steam. 

p ,, Pitch of rivets in joints. 

Pf^ ,, Pressure (back) in lbs. 
per sq. in. 

p^^ „ Pressure (mean) in lbs. 
per sq. in. 

P „ Pressure (total). 

Pg „ Pitch of a screw pro- 
peller. 

Q Quantity of heat. 

d Q ,, Minute quantity of heat. 


r for Ratioof expansion; radius 
of crank-pin circle. 
r,p.m. „ Revolutions per minute. 

8, « „ Sensibleheat; Slip of screw 
propeller ; Speed of 
piston. 

8g „ Shearing strength of jji vets 
per sq. in, 

S^ ,, Tensile strength of plates 
per sq. in. 

t f, Thickness. 

(j. ,, Temperature of food. 
ft Superheat at steam chest 
in degrees Fah. 

^°9 tf 'Temperature in degrees. 

T ,, Absolute temperatures. 

T ,, Travel of slide valve. 

Tg ,, Thrust of a screw pro- 
peller. 

u ,, Units of heat as a suffix — 
e.ff., 10 w = ten units. - 

V ,, Velocity. 

V^ ,, Volume of 1 lb. of dry 
steam. 

ft Volume of 1 lb. of water. 

V^ ,, Volume of 1 lb. of wet 
steam. 

W ,, Work done, load or 
weight. 

Weight of saturated 
steam. 

W^ ,, Weight of superheated 
steam. 

X, «• Angles, 
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LECTURE L 

Contents.— Early Forms of the^Steam Engine : Hero’s, Savory’s, and 
Newcomen’s, 

The student will find the history of the rise and progress of the 
Steam Engine both interesting and instructive. Two lectures 
will therefore be devoted to reviewing, as concisely as possible, 
the struggles of early inventors to produce mechanical work 
from steam. 

Hero’s Engine. — ^The first application of the elastic force of 
steam of which there is any record, was by Hero of Alexandria, 
about 130 B.o.^ 

From the following figure and index of parts the construction 
and action will at once be understood. The fiire at, F, heats the 
water in the caldron, 0, generating steam; the steam passes up by 
the pipe, P, in the direction shown by the arrows into the globe, 
O, first expelling the air, and then exhausting by the two nozzles, 
N^, N 2 . Owing to the nozzles being fixed in opposite directions 
and at right angles to the axis on which the globe is free to 
rotate, the unbalanced pressures which the steam exerts on that* 
part of each pipe opposite to the opening produce a “ couple,” 
and thus turn the globe at a very high speed, but with such a 
small force that a great expenditure of fuel would be required 
to develop even a horse-power. 

No other noj)ice of the application of steam to produce motion 
is found until about the year 1663, when Mathesius hints 
at the possibility of constructing an apparatus similar in its 
action to that of our modern steam engine, t No device of a 

* Glass models, called Whirling OeUpiks, are obtamable at any oj^tioian’s, 
for Ulnstrating the action of Hero’s engine, on the ** Barker mill principle.” 

i*For complete descriptions of the attempts made by De Cans, 1624; 

. -Giovanni Branca. 1628; Marquis of Worcester, 1663; Sir Samuel Moreland, 
1682; Papin, 1(^5 to 1695, &c., see Descriptive History qf the Steam 
ingine, by Robert Sftuart, O.B., published in 1825, and dedicated to 
Dr. Bukl)Mk, Patron of the (late) Glasgow Mechanics’ Institation, and 
at one lime Professor of Natural Philosophy in the College founds by 
, Professor Anderson in the City of Glasgow.*^ Also, see a trisalise by John 
/ Farey on The Steam Engine, 1827 ; and Prof Thurston’s History qf tiha 
;• qf the Steam Engine, published by C. Eegan, Paul ft Co. 
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thoroughly practical nature worth drawii^ the attention of 
students to occurs, until Captain Thomas Savery brought out 
his patent steam engine for raising water from mines in 1698. 



Hero’s Engine, 130 b.o. 


F for Fire. G for Globe. 

C „ Caldron, containing water. Ni, N2 „ Nozzles, steam exhaust. 

P „ Pipe, steam supply. r 

Savory’s Engine. — Steam from the boiler, B, is admitted to the 
receiver, R, by opening the steam cock, S 0. When the receiver 
is filled with steam, the cock, SO, is closed, and 0 J opened, which 
allows a douche of cold water to play on the outside of R, thus 
causing condensation and producing a vacuum. The atmospheric 
pressure acting on the mine water, at MW, forces water up 
through the suction valve (or cock), S V, nearly filling the re- 
ceiver. 0 J is then closed, and SO opened, thus permitting 
the steam from the boiler to force the water now in the receiver 
up through the delivery valve (or cock), DY, and the discharge 
pipe, DP, to any convenient place clear of the mine. 

In very’s actual engine he adopted a complete duplex set of 
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boilers, receivers, and cocks, so that the operations of filling one 
receiver and emptying the other might be conducted simultane- 
ously.* He placed his boilers and receivers about 20 feet, above 



Savery’s Engine, 1698. 


F for Furnace. 

B Boiler. 

SP ,, Steam pipe. 
SC ,, Steam cock. 
R „ Receiver. 


M W for Mine water, 
SV ,, Suction valve. 
DV ,, Delivery valve. 
OJ „ Condensing jet. 
DP „ Discharge pipe. 


the bottom of the mine water, or well, and the height of the 
overflow from the discharge pipe about 30 feet above the receiver. 
The efficiency of a Savery engine, as*measured by the weight of 
coal consumed, was tested by Smeaton in 1774, and found to be 
about ^ of what can now be realised by a modern pumping- 
engine. The loss of heat energy, due to the alternate heating 
,i^nd cooling o( the receiver, added to the condensation of the 
Steam upon comi^ into direct contact with the water when 
forcing the latter out of the receiver, combined with the impossi- 

* Besagulier, in 1716, improved upon Savory’s engine by introduoin|; a 
two-way oook between the boiler, the receiver, and the cold water injec- 
tion, and introduced an inside rose injection for condensing the steam in 
* the receiver. See Stuart on Th^ SUam Engine, 1825, Fig. 
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bility of placing the receiver much more than 20 feet above the 
bottom of the mine,^ and the inability of engineers in those days 
to construct boilers of sufficient strength to withstand a steam 
pressure more than 15 lbs. on the square inch>t prevented the 
adoption of Savory’s engine in most mines. 

Newcomen’s Atmospheric Engine. — In 1705 Thomas Newcomen, 
a blacksmith, associated with Savory and John Oawley, a glazier, 
r ^e the experiment of introducing steam under a piston 
d^ng in a cylinder. They formed a vacuum by condensing the 
steam by an affusion of cold watef on the oui^ide of the steam 
vessel ; and the weight of the atmosphere pressed the piston to 
the bottom of the cylinder. This was the first form of atmo- 
spheric engine — ^the simplest and most powerful machine that had 
hitherto been constructed. After a great many laborious attempts 
at Wolverhampton to make one of their engines work satis&c- 
torily, they were one day (in March, 1712) surprised “to see the 
engine go several strokes, and very quick together, when, afber a 
search, they found a hole in the piston, which let the cold water 
in to condense the steam in the inside of the cylinder, whereas 
before they had always done it on the outside.” This fortunate 
observation gave rise to the improvement of condensing by 
injection, which thus rendered the cold water jacket of their 
steam cylinder unnecessary, and they thereafter manufactured 
their engines in the form shown in the following figure. 

The mine pumps, M P, weighted pump-rod, W P R, and lift 
^pump, L P, on the one side of the wooden beam, W B, being 
heavier than the piston, P, and piston rod, P R, always brought 
the piston to the top of the cylinder, 0 ; consequently, to start 
the engine, the steam valve, S Y, was opened, in order to expel 
the air by the relief or snifting valve, RY,t and to fill the 
whole cylinder with steam. The steam valve was now closed, 
and ^^mjection cock, 1 0, opened, which caused a spray of cold 
cold water ta^, 0 W T, to enter the cylinder and 
conafflse tne steam. The vacuum produced brought the pressure 
of the atmosphere into play on the top side of the piston, 
causing it to descend to the bottom of the cylinder, thus actu- 
ating the pumps at the other end of the beam. The condensed 
steam and injection water got clear away from the bottom of the 

c 

* With even a perfect vacuum in the receiver, thej^atmospheric pressure, 
which is usually about 15 lbs. on the square inch, could only force water up 
into it from a dq>th of 34 feet 

i Saveiy said, “ If I could only get boilers and pipes of sufficient strength, 
I Ipeld force water up to a height of 1,000 feet.” 

X^is valve was cmled the mifting vaXvt by Newcomen, because the sir 
noise every time it blows through it. 



■ARLT F0BM8,0V 7HB STBAM BNaiHB. 


cylinder by the eduction pipe, EP» to the feed water tank, 
F WT; the water from this tank being used to fill the boiler, 



' Nbwcomen’s Engine, 1712. 


P for Furnace. 

B Boiler. 

G P Gauge pipes. 

S V Steam valve. 

0 Cylinder. 

\P Piston.* 

B B> Piston rod. e 

'WB Wooden beam. 
WPE Weighted pump-rod. 


M ^ for Mine pump. 

LP ,, Lift pump. 

0 W T „ Cold water tank. 

WT „ Water tap to top of piston. 
10 ,, Injection cock. 

RV „ Relief or snifting valve. 
EP „ Eduction pipe. 

P W T „ Feed water tank. 


height of the water in the boiler was ascertained by 
f pipes, GF. 
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LEOT0B1E I.— BI8T0RY OF THE STEAM BK6ZNB. 


At first (in 1712) the valves were opened and shut by hand. 
To perform these operations at the precise moment, required 
the most exact and unremitting attention on the part of the 
attendant, as the least neglect or inadvertence might be ruinous 
to the engine, by beating out the bottom of the cylinder*, or 
allowing the piston to be drawn out of it. Stops were contrived 
to prevent both of these accidents; then strings were used to 
c^mect the handles of the cocks and valves with the beam, 
^m^j^lly a Mr. Beighton, in 1718, simplified the whole of 
these 'movements by causing thenk to be automatically opened 
and shut at the proper moment by means of a tappet rod” 
connected with the beam. He also introduced the lever safety 
valve to the boiler. 

Another difficulty which at first severely taxed the ingenuity 
of the inventors was the sudden upheaving of the cylinder, 
at the moment of creating the vacuum, which caused such a 
jolt and stress on the pipes connecting the cylinder and the 
boiler, as to keep them in a chronic state of leakage. It will 
be observed that at the instant the vacuum is produced, the 
piston is pressed downwards by the atmospheric pressure, but 
at the same time the cylinder is equally pressed upwards, so 
that it required to be very heavy or very securely fastened down, 
to prevent it rising; since no downward motion of the piston 
can take place until the inertia of the whole moving mass of 
beam, pump-rods, &c., has been overcome. This difficulty was in 
a measure mastered by bolting the cylinder firmly down to strong 
Yearns, and keeping it separate from the boiler. 


PR 



Smsaton’s Pistox. 


PR for Piston rod. BB for Bolts. 

ID „ Iron dish. WIR„ Wrought iron ring shrunk 

W D „ Wooden dish. on like a cart-wheel tyre. 

Hewcomen’s piston, which consisted of a fiat plate with a 
broad piece of leather screwed to it and turned up the sides of 
the* .oylmder two or three inches, gave considerable trouble, 



idAtlLT FOBMB OF THifi STEAM EMOiNB. f 

owing to leakage and the cutting of the leather. An improved 
form of piston (see preceding figure) was afterwards introduced 
by Smeaton.* 

*Fdr Smeaton’s improvements, see Thurston’s History qf the Steam 
Engine; also, see articles in The Engineer^ beginning June 6tb,. 1879, 
p: 403. For a diagram of a Newcomen engine from an old plate, see 
Thea^ineer, November 28th, 1879, p. 400, and for a fine diagram of an 
elaborate Newcomen engine, only taken down in 1880, see the same paper, 
January 30th, 1880, p. 84, For Mr. Henry Davey’s Presidential Address 
to the Inst. Mech. Engineers on October 16th, 1903, see Proceedings of 
that Institution, and aU current Engineering Papers for October 30th and 
November 6th, 1903. 


Lecture 1.— Questions. 

1. Give a free-hand sketch of Savery’s engine, with index of parts. 
Describe its action in your own words. State clearly how it was so 
wasteful of fiiel, and what limited its application to deep mines. 

2. Suppose the water in a mine to be 25 feet below the point to which 
it rose in Savery’s receiver, and the top of the discharge pipe 30 feet above 
the bottom of the receiver, what vacuum and pressure of steam in pounds 
per square inch would be necessary to work the engine? Ana, 11 lbs., 
and 13*2 lbs. 

3. Give a free-hand sketch with index of Newcomen’s engine. Describe 
in your own words its action, and how you would start it. 

4. Suppose the diameter of a Newcomen’s engine cylinder to be 30 inches, 
the stroke 5 feet, the effective pressure per square inch due to the vacuum, 
10 lbs., and 15 up and down strokes to be made per minute, how man/ 
pounds of water would it lift per minute to a height of 100 feet, neglecting 
all losses due to frlcUonu &ic.7 Ans, 5303*5 lbs. 
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LECTURE IL 

COOTENTS. —Watt’s Model of Newcomen’s Engine in Glasgow Uni^rersi^y— 
Watt’s Single and Double Acting Engines— Homblower’s Engine- 
List of Steam Engine Patents to 1805. 

Up to the period when Smeaton perfected the atmospheno 
engine, the progress of the hre engine,” as the steam engine 
was then called, had been merely empirical; and in everything 
that depended on principle, the steam engine of that period 
was a most rude, wasteful, and incihcient machine. Then came 
the time when science was to effect more in a few years than 
mere empirical progress had done in nineteen centuries. In 
1759, James Watt had his attention directed by Robison to 
the subject of the steam engine, and for a few years afterwards 
made various experiments on the properties of steam. In 1763 
and 1764, Watt, while engaged in the repair of a small model 
of Newcomen’s engine (belonging to the University of Glasgow, 
and since preserved by that University as the most precious 
of relics), perceived the various defects of that machine, and 
ascertained by experiment their causes. 

Watt set to work scientifically from the first. He studied 
the laws of the pressure of elastic fluids, and of the evaporating 
action of heat, so far as they were known in his time; he 
ascertained as accurately as he could, with the means of ex* 
perimenting at his disposal, the expenditure of fuel in evapora- 
ting a given quantity of water, and the relations between the 
temperature, pressure, and volume of the stoam. Tnen, reasoning 
from the dato which he had thus obtained, ho framed a body of 
principles expressing the conditions of the efficient and economic 
working of the steam engine, Vhich are embodied in an invention 
described by himself in the following words, in the specification 
of his patent of 1769 : — * 

“My method of lessening the consumption of steam, and 
consequently fuel, in fire engines, consists of «ffie following 
principles g 

“ First That vessel in which the powers of steam are to be 
employed to work the engine, which is called the cylinder in 

* Extaot from The Steam Enaint and other Prime Movers^ by Prof. Bankina 




Model in Glasgow Ukhtbrsity. 


F| for Fnxnaoe; B, Boiler, 0, Oylinder; PB, Piston rod; WB, Wooden beam; MP, Mine 
pnmp; TB, Tappetrod; OWT, Oold-water tank; WT, Water tap for keeping piston 
tight ; E P, Exhaust pipe. 

Nora.— In working to repair the model here represented, James Watt, in 1760, made the 
dlsoorery of a separate condenser, whidh has IdentUled his name with the 
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LBOTUBB II. — BlStOHr 6S> tBB StBAM BNGlKft. 


common fire engines, and which 1 call the steam vessel, must, 
during the whole time the engine is at work, be kept as hot 
as the steam that enters it; first, by enclosing it in a case of 
wood, or any other materials that transmit heat slowly; secondly, 
by surrounding it with steam or other heated bodies; and 
thirdly, by suffering neither water nor any other substance 
colder than the steam to enter or touch it during that time.^ 

“ Secondly, In engines that are to be worked wholly or partially 
by condensation of steam, the steam is to be condensed in vessels 
distinct from the steam vessels or cylinders, although occasionally 
communicating with them; these vessels 1 call condensers; and, 
while the engines are working, these condensers ought at least 
to be kept as cold as the air in the neighbourhood of the engines, 
by application of water, or other cold bodies. 

“ TJmdl/y, Whatever air or other elastic vapour is not con- 
densed by the cold of the condenser, and may impede the 
working of the engine, is to be drawn out of the steam vessels 
or condensers by means of pumps, wrought by the engines 
themselves, or otWwise. 

« FowrMy, I intend, in many cases, to employ the expansive 
force of steam to press on the pistons, or whatever may be used 
instead of them, in the same manner in which the pressure of 
the atmosphere is now employed in common fire engines. In 
cases where cold water cannot be had in plenty, the engines may 
be wrought by this force of steam only, by disc^rging the steam 
^into the air after it has done its ofiice. 

Lastly, Instead of using water to render the pistons and 
other parts of the engines air and steam tight, I employ oils, 
wax, resinous bodies, fat of animals, quicksilver, and other 
metals in their fluid state.” 

To start Wattfe Single-acting Engine ; 

First, Blow through, by opening all the valves, Vj, Vj, Vj. 
This allows the steam from the boiler to expel the air from 
the cylinder, steam passage^, and condenser. 

Second, Shut valve, Vg, and open injection cock, 10. This 
creates a vacuum below the piston, and at the same time brings 
into play the steam pressure above it, causing the piston to 
descend. 

Third, Close yalves and and open Vg. 'ffhis allows the 
steam which forced down the piston to find its way below it, 
and thus to create an equal pressure on each side of it, when 
the weight of the pump-rods, acting on the other end of the 
beam, brings the piston to the top of the cylinder. 

These second and third opei^tions are repeated automatically 
bjr tappet rod when the engine has been fairly started. 



watt's SINOLB-AOTING BNGINB. 
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• Watt’s Singlb-aotino Enoinb. 


P lor Furnace. 

D „ Damper. 

B ,, Boiler. 

P W P „ Feed water pipe. 

OP „ Gauge pipes. 

S P „ Steam pipe. 

Vi „ Steam valve. 

Vf ,, Equilibrifbn valve. 

Ys „ Exhaust A, 

0 „ Cylinder. ^ 

oJ „ Steam jacket. 

GO ,, Cylinder cover. 

G „ Glfuid and stuffing box. 

P „ Piston. 

PR Piston rod. 


W B for Wooden beam. 

A Axis. 

WPR „ Weidited pump-rod down 
to Dottom of mine. 

EP „ Exhaust pipe. 

J C „ Jet condenser. 

10 „ Injection cock. 

OWP „ Cold-water pump, 

AP „ Air pump. 

S y „ Sniftine valve. 

FV / „ Footvwve. 

D V „ Delivery valve. 

HW ,, HotweU. 

F P „ Feed pump. 

S W Stone work. 



12 LECTUBB It. — ^HI8T0BT OF THE STEAM BKGINB. 

The foli:.owikg is an abbreviated List of Impbovements 

EFFECTED BT WaTT ON SlNGLE-AOTING ENGINES. 

1. Steam jacket to keep cylinder warm. 

2. Separate condenser. 

3. Air pump to draw of£ air and condensed steam. 

4. Expansive working of steam in the cylinder. 

5. Improved piston, cylinder cover, gland, and stuffing ]||ox. 

6. Oa^ract or hydraulic governor for regulating the speed. 

By these several improvements, Watt reduced the amount of 

fuel required to produce a cert^n power to about one-third of 
that required in Newcomen's engine. So fully was this recog- 
nised, that Watt, in granting licenses to use his engines, received 
a ^ird part of the saving of coals which was made hy his engines, 
when compared with an atmospheric engine, doing the same 
work with coals of the same quality. 

Watt’s Cataract Governor. —The cataract governor was in- 
vented by Watt, to regulate the speed of his single-acting 
pumping engines, and is so simple that the student may readily 
understand it without the aid of a diagram.^ This governor 
consisted of a pump placed in a tank of water below the 
level of the cylinder, and the plunger of this pump was 
attached to a long lever. This lever was loaded with a heavy 
weight on the same side of the fulcrum as the plunger, and the 
lever projected out on the other side of the fulcrum. The tappet 
rod, which was worked off the main beam, engaged with the 
^ projecting end of this lever when the piston of the engine was 
travelling downwards, and therefore raised the plunger of the 
pump. When the piston of the engine began to rise again (due 
to the opening of the equilibrium valve by the tappet rod), the 
heavy weight on the same end of the cataract lever as the plunger 
caused the latter to descend and to force out the water which 
it had drawn in during its up-strpke. The water was forced 
out through a small cock, and the time occupied by the pump 
plunger in its descent depended upon the amount of opening 
given to this cock, whic& could be regulated by the attendant. 
Since the opening of the steam valve of the engine, which 
paused the down-stroke of the piston, was effected by a rod from 
the cataract pump lever, the down-stroke of the engine could n'>t 
take place until the pump plunger had deseeded sufficiently 
to open the steam valve. It will l^ereforpf be apparent that by 
regmating the amount of opening of the dischaige cock, the 
^pump plunger could be made to descend with any required 

* Large wall diwams illustrating clearly Watf s cataract governor may 
be had from the l^enoe and Art department.. It is shown at» Ft in the 
fdUtfifiiig figure. 
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speed, and thus the steam ^alye of the engine opened any 
reared number of times per minute. 

The following diagram illustrates an improved form of Watt’s 
single-acting pumping engine, pnd the cataract governor 
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LBOTUBB XL— HISTOBT OW THB STBAM BKGIKB. 


Watt’s Double-acting Engine.— Hitherto Watt had only in- 
troduced steam acting against a piston to press it downwards, 
thus losing time and the opportunity of taking advantage of 
the pressure of the steam in the up-stroke to increase the power. 
In 1782, however, after he had removed from Glasgow to 
Birmingham, and there joined in "partnership with Mr. Boulton, 
he took out a patent for a “ double-acting engine.” This^enw;^Q 
was freed from the enormous dead weight of •^^unte^ises, 
which had hung on it from the first attempts q*? ^ew^men^ 
for the purpose of equalising the motion and producing the 
up-stroke. 

Watt says: — “My second improvement upon steam x . 
engines, consists in employing the elastic power of the 
to force the piston upwards, and also to press it downwards 
alternately, by making a vacuum above or below the piston 
respectively, and, at the same time, employing the steam to act 
upon the piston in that end, or exerted upon the piston only in 
one direction, whether upwards or downwards.” His 1782 
patent engine was considerably improved by his patent of 1784, 
of whiqh we now give a drawing and description. 

To start Watt’s Double-acting Engine : — 

First. Blow through, by opening all the valves, V^, Vj, V 3 , V 4 . 

Second. If the piston is at top of cylinder, shut valves, 
and Y 3 , and open injection cock, 1 0. This creates a vacuum 
underneath the piston, and at the same time brings into play 
the steam pressure above it, causing the piston to descend. 

Third. When the piston has reached the end of its stroke, 
shut valves Y*- and open Yg, Y^. This permits the steam 
to exhaust from the top of pisiK>n direct to the condenser, and 
at .the same time admits steam from the boiler underneath it, 
caus^g the piston to ascend. 

These second and third operations are repealed automatically 
by means of the plug rod and tappets. 



watt’s DOUBLSfAOTING bkgikb. 
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Watt’s Doubue-aotino Engine, 1784. 


SP for Steam pipe. H for Handle. 

TV „ Throttle yalve. AP „ Air pump. 

G „ Governor, HW „ Hot well. 

^i»Vs» f, Steam valves connected FP „ Feedpump. 

by a pipe.* CWP „ Cold-water pump. 

V4, ,, Exhaust valves also con- P ,, Piston. 

neoted by a pipe. P B * ,» Piston rod. 

TR „ Tappe t (or plug) rod. PM „ Parallel motion. 

C ,, Cylinder. MB ,, Metal b^m. 

SJ „ Steam jacket. CB „ Connecting rod. 

E P ,, Exhaust pipe. S A P M „ Sun and planet motion. 

J C ,, Jet coiSlenser (separate). MS „ Main shaft. 

IC „ Injection co^. FW „ Fly-wheel. 

* In fhe draww the steam pipes connecting valves, Vi and Vs, and the 
exhaust valves, and V4, cannot be fully shown, but it will form a 
useful ex«^se for the student to make a section at right angles to* the 
figure throi^ these valves, including aU the necessary pipes. 
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List or Impboybments intboduobd or Fatbbtbd by Watt 
SINCE THE Intention or his ^'Sinole-aotino Engine.” 

1. Applying steam on both sides of the piston. 

2. Parallel motion to guide the piston rod in a straight line. 

3. Metal beam instead of the large clumsy wooden one. 

4. Sun and planet motion to convert reciprocating rectijineal 
to rotative motion.* 

5. Governor to regulate the,, speed of his rotative engines 
(see index at end for Governors). 

6. Indicator to ascertain the pressure of steam in the cylinder 
(see index at end for Watt's Indicator). 


* There con be do doubt that Watt first thought of applying the erank 
to convert the redprocating motion of the piston into a rotative one, but, 
having neglected to take out a patent, the invention was communicated 
W a workman to the enweer erecting an engine for a Mr. Matthew 
Washbrough, of Bristol, who patented the application. The following is 
Watt’s own narrative on this subject : — “ Among the many schemes which 
passed through my mind, none appeared so likely to answer the purpose 
as ^e application of a crank in the manner of a common turning-lathe 
(an invention of great merit, of which the humble inventor and even its era 
are unknown); but, as the rotative motion is produced in that machine 
by the impulse given to the crank in the descent of the foot only, and is 
continued in its ascent by the momentum of the wheel, which here acts as ' 
a fly ; and, being unwilling to load my engine with a fly heavy enough to 
continue the motion during the ascent of the piston (and even were a 
counterweight employed to act, during that ascent, on a fly heavy enough 
to equalise the motion), I proceed to employ two engines, aotmg utod 
two cranks, fixed on the same axis, at an angle of 120'* to one another, 
and a weight placed on the circumference of the fly at the same angle to 
each of the cranks, by which means a motion might be rendered nearlj^ 
equal, and a very light fly would only be requisite.” 

It is evident Watt did not then appreciate the advantage of a heavy fly- . 
wheel to equalise motion. The application of a fly-wheel to equalise the 
motion of the piston was first suggested by Eitsserald before 1772. Watt, 
on being informed that his idea of applying the crank to steam engines 
had been patented by another, said — “ In these circumstances 1 thought it 
better to- accomplish &e same^nd by other means, than to enter into litigation, 
and, by demolishing the patent, to lay the matter open to everybody. 

In order to obtain ^ rotative motion from a rectilineal one, by some 
other means than the crank. Watt introduced what is now called the 

sun and planet'^ wheels^ for which he claimed several advantages over 
the crank, such as more rapid velocity of the fly-wheel the fly-wheel thus 
being made to revolve with double the raeed that it would in the case, of 
the crank. It is, however, not so simpl^ while fts construction makes it 
more expensive, and it is easily put out of order; it has now universally 
given place to the crank. There is a very unique ‘old working model of 
this sun and planet ” motion, as applied to one of Watt’s single-acting 
nes, and probably made in the ena of * " " 


nee and Arts, Glasgow. 


’ last century, now^ in the College 
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LBOTUBB II. — HISTOBT 07 THE STEAM ENGINE. 


7. Oounter for recording the number of strokes of the engine. 

8. Mercury XJ-tube gauges to ascertain the ‘pressure of steam 
in the boiler as well as the vacuum in the condenser. 

An improved form of Watt’s double-acting rotatory engine 
is shown in the preceding illustmtion ; students should compare 
this with Watt’s engine, shown on page 13. 

Homblower’S Engine. — Professor Goodeve says: — “Theye can 
be no question as to the fact that Watt invented the expansive 
working of steam, but, technically, he does not stand first 
in the records of the Patent ' Office, for he was anticipated 
by a patent of Hornblower for a single-acting pumping engine, 
which dates from the year 1781.” 

Hornblower, in his specification, says — 1. “ I use two vessels, 
in which the steam is to act, and which in other steam engines 
are generally called cylinders. 

2. I employ the steam after it has acted in the first vessel, 
to operate a second time in the other, by permitting it to expand 



Hobnblowee’s Compound Engine, 1781.* 


S F for Steam pipe from boiler. 
HPO „ High-pressure cylinder. 
LFC „ Low- 

E F „ Exhaust pipe to condenser. 


Vj, Vji for Steam cocks or ittlves. 
V2, V4 „ Equilibrium \ 

Vs „ Exhaust 


* ^e drawing is taken from Stuart’s Deser^v^ Hilary td ihe Steam 
kkipne^ prlnM 182$. 
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its^ which I do by connecting the vessels together, and forming 
pro]^r channels and apertures, whereby the steam shall occa- 
sionally go in and out of the said vessels. 

* 3. I condense the steam by causing it to pass in contact with 
metallic .surfaces, while the water is applied to the opposite 
sicLe." 

start Homblower’s Engine : — 

First, Blow through (to clear all air and gases out of the 
cyjinders and condenser), by opening all the steam and exhaust 
valves. 

Second, Shut valves Vg and V 4 . and turn on the cold water 
tO' surface condenser. This creates a vacuum on the lower side 
Kf low-pressure piston, and permits the live steam from boiler to 
pEfess on high-pressure piston, and at the same time the steam 
^m below that piston to act on the low-pressure piston. 


Shut valves V, 


Vg, and open Vg. 


allows the steam which pressed on the top of each piston to 
flow underneath them, and thus to create equilibrium when the 
weighted pump-rods pull them to the top again, ready for another 
start downwards. 

^ It will be quite apparent to students of the present day, that 
H^rnblower had actually devised not only the compound engine, 
but also the surface condenser (although his engine was but a 
single-acting one). He erected several engines on his plan, and, 
probably, the reason why they did not prove more economical 
than Watt’s single-acting engines, was that the pressure of < 
steam which could be generated in the boilers then constructed 
was too low. He applied to Parliament, in 1792, for an exten- 
sion of his patent, but was refused ; and it is curious to note the 
severe criticism of early writers on his invention, the principle 
of which is nowadays so fully recognised.* 

The further improvements on the steam engine by Trevithick, 
Woolfe, M*Naughton, and others, will be noticed within proper 
^lace, in connection with locomotive and marine engines, 
tfeln order to complete this Early History of the Rise and 
.^||teress of the Steam Engine, we here give a list of a few of 
trio^ore important English patents up to the beginning of this 
Qeutury. 


ms tOfTtune m a senes of selfish attempts to copy Mr, Watt’s inventions, 
withont coming within the letter of his patent.” 

* See The Migineert January 28, 1887, p. 70, for a letter discussing the 
above* 
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Chrobolooioal List or Barlt Patents. 

For Impr<ntemenU on the Steam Engine^ and for Saving Fael hy the 
Oonstaractwn of the Fire-Place and Boderr 


1698. 

Thomas Savebt, London. 

Raising water by the elasticity of 
steam — Forming vacuum by con- 
densing steam, to raise water by 
pressure of atmosphere. 

1705. 

Thomas Newcomen, John Gawlet, 

Dartmouth, and Thomas 
Saveky, London. 

Condensing the steam introduced 
under a piston, and producing a 
reciprocating motion by attaching 
it to a lever. 

1769. 

James Watt, Glasgow. 

Invention of the condenser— Use of 
oil and tallow instead of water — 
Enclosing cylinder in steam jacket 
—Moving piston by steam against 
a vacuum — Steam wheel. 

1778. 

Matthew Washbrouoh, Bristol. 
Rotative from rectilineal motion. 

1781. 

John Steed, Lanoashirb. 
Crank movement. 

Jonathan Hobnblower, Penbyn. 

Two cylinders. " 

1782. 

Jambs Watt, Birmingham. 

Expansive engine— Six contrivances 


for regulating motion — Double 
impulse enme— Two cylinders— 
Toothed ra& and sector to piston 
rod and beam — Semi-rotative en- 
gine— Steam wheel 

1784. 

Jambs Watt, Birmingham. 

Rotative engine— Three paridlel mo- 
tions— Portable steam engine, and 
machinery for moving wheel car- 
riages— Mode of workmg hammers 
and stampers — Improved hand 
gear— Mode of opening valves. 

1785. 

Jambs Watt, Birmingham. 
Furnace for consuming smoke. 

1798. 

Jonathan Hobnblower, Penbyn. 

Rotative engine. 

1802. 

Richard Tbevithiok and Alex- 
ander Vivian, Cornwall. 

High-pressure engine. 

1804. 

Arthur Woolfe, London. 

Two cylinders and high-pressure 
steam boiler. 

1805. 

Jambs M'Naughton, London. 

Saving fuel 
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' LICIV0KB II.— QiFBsnoink 
All shetehe^ to he dmefreo^himd, 

1. Make an outline sketoh of the cylinder, piston, and valves connected 
therewith, in Newcomen’s engine ; and by the side of it nujke a second 
drawing of the cylinder, piston, and valves, as altered by Watt. State 
briefly the nature of these alterations, and mention the Mditional parts 
necessary for the working of Watt’s en^e, but not shown in your drawing. 

2. Explain, with a sketoh. Watt’s invention of a separate condenser and 
aii\ pump, as aralied to a single-addng steam engine. State the several 
improvement c%oted by Watt on Newcomen’s engine. 

3. What is the principle of the single-acting engine? Draw an outline 
sec^n through the cylinder and valves, &c. Name the valves and explain 
their action, also the order of opening and shutting them when starting the 
engine. 

4. In improving the old atmospheric engine. Watt laid down the rule 
that the (^linder in which the steam did its work should be kept as hot as 
the steam whi^ entered it. What special provisions did he make for 
carrying out this rule ? Explain your answer by referring to such sketches 
as may oe required. 

5. Name the three principal valves connected with the steam cylinder of 
a single-acting pumping engine. State which are opened and which 
closed— (1) when the piston is at the top of the cylinder and beginning 
to descend ; (2) when the piston is at the bottom of the oylin£r and 
beginning to ascend. 

^ ^ 91 V % M % n • m m m ww •# • 




and point out tne distinction between a single-acting and a doulSe-acting 
engine. What is the object of the equilibrium valve in a single-acting 
engine? During what portion of the stroke is this valve open? 

7. Enumerate the^ improvements introduced by Watt into his double- 
acting steam engine in 1784. Why is this engine so much more economical ^ 
in steam than the old atmospheric engine? 

8. Sketch a section through the cylinders of Homblower’s engine; give 
index of parts, and state how it is started. Why was the high-pressure 
cylinder of shorter stroke than the low-pressure one? WherSu is it an 
improvement on Watt’s sinfi^e-acting engine? 

9. Make a vertical transverse section through the nozzles and valves of a 

Cornish pumping Engine, showing the positions of the stop or regulating, 
steam, equilibrium, and exhaust valves respectively, together with the 
ports of the cylinder and the passages for the distribution of steam. {Adv. 
8. and A. Exam,, 1889.) • 

10. Explain, with the necessary sketches, the construction of the 
cataract of a Cornish pumping engine, and the manner in which it 
operates upon the valve or vidves with which it is connected. 18, and A, 
Exam,, 1890.) 


LECTURE HI. 


Contents.— .Temperature — Thermometry — Thermometer Tables— Pyxo- 
metry— Pyrometers of Different Kinds, with their Uses, Accuracy', 
and Ranges— Questions. 

It is necessary at the very outset of this section of our subject, 
to clearly understand what is nieant by the different expressions: 

1. The temperature of a body. 

2. The qv/mtity of heat in a body, and the unit of heat 

3. The capacity for heat^ and the specific heat of a body. 

Temperature. — The temperature of a body is its thermal state 

considered with reference to its power of commwawat^/iny heat to 
other bodies (Maxwell). 

Two bodies are said to be at the same temperature, if, when 
placed in thermal communication, there is no tendency to the 
transfer of heat between them; if, however, one of them loses 
heat, and the other gains heat, that body which gives out heat, is 
said to have a higher temperature than that which receives heat. 

Temperature, therefore, indicates the quality or condition of 
the heat in bodies, and is capable of greater or less intensity 
according to .circumstances. It is measured by Thermometers 
and Pyrometers. 

Thermometry. — Thermometry is the method of ascertaining 
temperatures, or the intensities of heat. The action of ther- 
mometers is based on the change of volume, to which bodies are 
subject with a change of temperature. .Air, water, spirit, and 
mercurial thermometers are severally used under different circum- 
stances, but the mercurial thermometer is the one most commonly 
employed by engineers. The mercurial thermol^eter consists of 
a stem or tube of glass, formed at one end into a bulb, to contain 
the mercury which expands into the tube. If the stem be of 
uniform bore, the expansion of the mercury being practically 
equal for equal increments of temperature, it follows that, if the 
scale be uniformly graduated, the divisions will indicate equal 
increments of temperature.’* 

" It was early ascertained that the freezing and the boiling points 

* For a complete description of the different kin^ of thermometers, their, 
construction, calibration, graduation, and use, see Professor Maxwell on 
“Heat,’* published by Longman & Co.; Text Book of Science Series, 
ProfMior Tait on “ Heat,” published by Macmillan k Co. 
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of water at the normi^ pressure of the atmosphere (viz., 14*7 lbs. 
on the square iiich), were constant temperatures, and advan- 
tage is taken of this physical property in order to. graduate 
thermometers. The interval between these twp fixed 


temperatures is in the case of the Fahrenheit ther- 
mometer (the one commonly used by English engineers) 
divided into 180 equal parts, termed degrees ; in case 
of the Oentigrade,* or standard French thermometer, 
into 100 ^equal parts, and in the E>6aumur, or the 
thermometer used in Germany,: Russia, &c., into 80- 
parts. The following comparative scale will render this 
quite clear: — 




SOHAFFBR AMD BuDMBKRG’S EnGINEKR T^ERMOMBTBRIf. 

u * ^tigrade thermometer is now used as the standard therrnomet^ 
by wf the best physicists, and students should familiarise themselves with 
readmgs taken by it, as wjdl as with constants and tables, to that scale. 
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It is certainly a great inconvenience to have to convert readings 
taken in one scale to that of another, but students should 
thoroughly master the simple proportion that exists between 
the different scales, so as to be independent of conversion tables.* 

thi o-*- 

and the boiling point of water 212^ I'ah. 100° Gent. 80° Bdau. 

NOTB.—Temperatures as reckoned from the “absolute zero'* will be referred to when 
we come to deal with Pressures and Volumes of Oases. 

An easy process in mental arithmetic for converting degrees on the Fahrenheit scale 
into degrees on the Centigrade scale, and vice versa, is as follows 
For jFah, degrees into Cent. (^grf»e8.~Subtract 82 and divide by 2; then add 
A I- + rAnr the result. 

Thus, for 60» F. we'get « 14. Then, (14 + 1*4 + 14 + *014) = 16'6° C. 

Again, for Cent, degrees t^Fah, detfrees.-~Multiply by 2 and subtract ^ of the result 
from the product and then add 82. 

Thus, for 16* C. wo get (16. x 2) - ac x 2) + 82 ; or. (80 - 8 + 82) * 69’ F. 

Any desired number of similar examples may bo worked out in this way, or by the 
ordinary proportion and fractional methods as detailed on the following page, and the 
Answers we&ed by the foregoing tables. 
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il^ow, to'oonvert a reading observed on the one scale to its 
corresponding value on either of the others^ 

Let F s Temperature Fahrenheit. 

^ 0 = „ Centigrade. 

B s „ Reaumur. 

Then we observe that we must 8uhtmet 32" from the Fah. scale 
before applying the above proportion in converting it to the 
Cent, or to the B4au., but oM 32, after applying the above 
proportion, in converting either' the Cent, or the Bteu. into the 
Fah. scale, as follows — 

(F-32):0:R:; 180: 100:80 

or as 9 : 5 : 4 

^ « (F - 32) 6 

••• Degrees 0 = g— ^ — 




II 


F 


0x9 

5 


+ 32 


W 


F = 


R X 9 
4 


+ 32. 


Examples. — Suppose the temperature of the feed water for a 
boiler is 102*’ Fah., find the corresponding temperature on the 
Cent and R4au. scales : 


By proportion— 9 : 5 : : (F - 32) : 0 

. rt _ (F - 32) 5 (102 - 32) 6 

’ -g » ^ 

U, 0 - ^ Cent. 

A«ain— 9 ; 4 : : (F - 32) : E 

Again, by proportion— . 5 : 4 : : 0 ; R 

R4att. 


But, 0 38-8*, .% R « 38-8 x | - 31-r 

’*• 0 
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Fyrometiy 19 the method of ascertaining the temperatures of 
very hot things, as distinguished from theimoTnetryj which is 
really the method of ascertaining the temperatures of warm, 
hot, or boiling things. Of course, an exact point of demarcation 
cannot be drawn between the temperatures whereat instru- 
ments termed thermometers fail to register heat potential or 
intensity, and where the other kinds of instruments called 
pyrometers begin to be applied. In fact, as we shall see later 
on,^the term thermometer is applied to the platinum resistance 
type of instrument, made for*ascertaining temperatures from 
14** to 2,500" F. - 'However, the distinction between these two 
terms is by no means inconvenient or vague, since pyrometers 
have, generally speaking, been used to measure temperatures 
beyond the compass of the ordinary mercurial thermometer 
— i.e., the boiling point of mercury — which is about 660" F. at 
atmospheric pressure. Further, the word thermometer is derived 
from the two Greek words, (theTmoe)^ signifying warm, 

hot, or boiling, and (metron), to measwre. In other words, 
a thermometer is an instrument for indicating the intensity of 
heat of any. wourm substance. The word pyrometer is also 
derived from two Greek' words, signifying fire (or 

terribly hot), and fjArpov, to measure, as before. In other words, 
a pyrometer is the proper name for an instrument which indi- 
cates the intensity of the heat of very hx>t substances. The tem- 
peratures of high pressure superheated steam, gas and oil engine 
exploded mixtures, boiler and superheater furnaces and their 
flues, dust destructors, kilns, melting and annealing furnaces * 
for different kinds of metals, as well as heating muffles for 
tempering steel, <kc., are all measured by pyrometers. Of late, 
these instruments have been very much improved, both in regard 
to their accuracy and their lasting, reliable qualities. So much 
is this the case; that no truly accurate, scientific investigation 
into the complete performance of steam, gas or oil engines and 
electric power plants can be considered correct without their aid. 
Moreover, the iron, steel, and metdH works metallurgist can 
determine, by their aid, the exact temperatures at which to stop 
certain operations, in order to obtain the best results; as also, the 
recently -discovered recalescence stages, or the hiatus positions 
on the rising and falling scales of temperature Ski which latent 
heat is absorbed or mven out. 

As a practical up-to-date example of the applications of high, 
temperature platinum thermometers, we notice the following 
quo^tion from the Blue Book issued by the 1902-03 Naval 
JTOilers Qommittee of the Admiralty: — “The temperatures of 
the flue gases were taken by Oallendar Electric Thermome^efs, 
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and read on a galvanometer made by The Cambridge Scientific 
Instrument Company, for the special purpose of these trials. 
The whole temperature-taking apparatus worked satisfactorily 
throughout. The records were taken regularly from two to four 
times per hour, as shown in the (Blue Book) tables.” It stands 
to reason, that, if you are able to obtain with comparative ease, 
and with reliable accuracy, a continuous permanent record of the 
temperatures of each and every inside and outside part of a set 
of boilers and engines, during a prolonged trial, you are 
thereby in a far better position to make a debit and credit 
balance sheet of the heat generated, usefully applied and wasted, 
than by the rough and ready methods employed a few years ago. 
In fact, the pyrometer should now be considered quite as in- 
dispensable to the careful, critical, expert engineer as the engine 
indicator and the dynamo voltmeter. 

Pyrometers. — These instruments may be divided into six 
classes, the first three of which were described in former editions 
of this book, as well as the fourth and sixth, in the Author’s 
Mcmual of Steam and the Steam Engine. These will therefore 
be but very briefly noticed here, thus leaving time and space for 
confining our attention to the two most recent and accurate 
kinds of electrical resistance and thermo-electric instruments. 

-Those in which the indications are based upon the change 
of dimensions of a particular body. For example, Wedgwood’s 
contracting clay and tapered groove pyrometer, or Baniell’s expan- 
sion metod bar, enclosed in a black lead case. Neither of these 
pyrometers are now considered sufficiently accurate. 

Second. — Those in which a thin cylinder of platinum, copper, 
or iron, of known weight and specific heat, are first put into the 
hot place, whose temperature is to be ascertained, and then 
immersed into a known weight of water, when the rise in 
temperature of the latter, as indicated by a mercurial thermo- 
meter, enables the temperature of the hot place to bo calculated. 
For example, Wilson’s and Siemens’ Water or Calorimeter Pyro- 
meters, which are fairly accurate with care and when new, but 
they do not admit of more than one temperature being observed 
at any one time or of the continuous automatic recording of 
changeable temperatures. The thorough understanding of their 
construction, action, and manipulation is, however, of consider- 
able educational value to the student.* ^ 

* Teachers and students may select either copper and iron or any cwo 
other convenient, cheap pair of dissimilar metals when demonstrating the 
principle and action ol this pyrometer. They may refer to the 

on Steam and the Steam Engine for a detailed illustipated desorip- 
tiomof Siemens’ Water ^rometer. 
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Third . — Those which are based upon the previously-estimated 
melting or fudng points of pure rmtah or metallic alloys. These 
can only be considered nowadays as rough-and-ready rule-of- 
thumb aids to workmen, who may also be able from experience 
bo judge, approximately, the temperature of a retort or a furnace 
by the appearance or colour which it presents to their eyes. 
For example, dull red was, say, near 1,000® F,^ cherry red, 
1,450® F. ; orange, 2,000® F. ; white, 2,350® F. ; and dazzling 
white, 2,700® F. 

i^ourth , — Those which are bhsed on the fact, that saturated 
steam or a gas in direct contact with the liquid from which it 
is generated has the same temperature as the liquid. For 
example, Schaffer and Budenberg’s “ Thalpotasimeter or Preamre 
Gauge Pyrometer as explained in Lecture VII. They are made 
and graduated to act upon this principle from 100® to 1,400® Fah. 

F^th » — Those which depend on the electrical property of 
metals, that their resistance increases by a certain amount for a 
given rise in temperature — for example. Sir William Siemens’ 
Electric Pyrometer and the Callendar-Grifiiths Platinum ResisU 
ance Thermometers. These pyrometers, when connected to a 
good sensitive galvanometer and battery, are the most accurate 
and reliable instruments yet devised for indicating very high 
temperatures up to 2,500® Fah., as will be seen from the follow- 
ing detailed description of their principle, construction and 
action. 

Sixth .* — Those which depend upon the automatic production 
of an electromotive force or electrical difference of potential or * 
pressure between the two junctions of two different metals 
connected in series, when these junctions are kept at different 
temperatures. For example, Le Chatelier’s Thermo-Electric 
Couple of platinum to platinum plus 10 per cent, of rhodium, 
when connected^ in series with Sir W. 0. Boberts-Austen’s 
special device of moving-coil mirror galvanometer combined 
with a moving sensitised photo-paper, gives good results. Also, 
Becquerel’s platinum to palladium octuple, or the platinum to 
platinum-irridium junction, as used and enclosed in a specially- 
prepared and refractory porcelain tube by the Cambridge Scien- 

*They should also refer to High-T&mpercUure Meamrementey by Le 
Chatelier, Boudouard, as translated by Burgess and published in 1901 ; 
to the 1893 Proceeding of the Institution of Mechanical Engineersy 
London, for the secoiSi report to the Alloys Research Committee, 
P'^f^^^rngs for Mr. William CampbelVs paper on 

Alloys of Copper and Tin,” as well as to Munro and Jamieson’s Pocket- 
Book ^ Electric Bulea and TcMea for the Thermo-Eleotrio Scale, &o., 
m order to obtain further information upon this interesting axid 
unportant subjeot, r* ^ 
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tific Instrument Company, in conjunction with a Oallendar 
Recorder, serve to give continuons and permanent records up to 
2,000** Fah. 

Electrical Pyrometer or Resistance Thermometer. — The most 
accurate and reliable way of measuring high temperatures is 
that known as the platinum resistance method.** It is the 
same in prinpiple as the Siemens Electrical Pyrometer described 
in the previous editions of this book, but it differs therefrom in 
several important respects. It was first introduced by Professor 
Oallendar in a paper read before^the Royal Society in, 1886, and 
is now supplied in the following form by the Cambridge Scien- 
tific Instrument Company : — 



The platinum resistance thermometer consists of a spiral coil 
of fine platinum wire, the electiical resistance of which varies with 
the temperature to which it may be subjected. This coil of fine 
platinum wire, S 0, is wound upon a mica frame and is protected 
from the action of fumes as well as mechanical damage by means 
of a glass or steel or porcelain tube, PT, according to the 
temperature to be ascertained. The ends of the coil are fused 
to two stout platinum or copper leading wires, L W, which are 
connected at their other ends to two of the four terminals, T^, 
Tj, with which the instrument is provided at Its cool or handle 
end, H. Since a change of temperature cannot be confined to 
the platinum spiral coil , *8 C, but also affects the leading wire«<, 
L W, in the porcelain tube, P T, the latter effect is balanced by 
constructing the thermometer with a pair of idle or compensating 
wires, OW. These compensating wires are short-circuited^ as 
shown near the S 0 coil, and at the other end, H, they are con- 
nected respectively to the other two of the four terminals, Tg, ^ 4 , 
The four leading-in wires are prevented fran touching each otlier 
in the tuhi^ by passing them through holes punched in a set of 
separated mica discs, M D, which just fit the inside of the tube, 
|?T, and thus, also prevent the passage of convection cupients of 
^air along the tube. 
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Now, referring to figs. 2 and 4, we see, that the terminals, 
Tg, T4, of the odinpensati0g leading wires, 0 W, are connected to 
the opposite arm of the Wheatstone Bridge'^ from that arm to 
which the terminals, T^, Tg^of the spiral coil, S 0, are connected. 
This arrangement eliminates any error which might be produced 
by the variation of the temperature of the wires connecting the 
thermometer with the indicating or recording instrument. The 
thermometers can thus be placed in positions where it would be 
in^possible to read a mercury thermometer. At the same time, 
a considerable number of the^ thermometers may be inserted 
into different places, flues or furnaces, and distributed over a 
considerable area. By means of a switchboard, such as that 
shown in fig. 3, the readings from each of these thermometers 
may be rapidly and easily ascertained by means of one indicator. 



Fia. 2 , — Callendab and Gbiffith*s Rejpistancb Thebmometeb, P, 

CONNECTED TO A WHIFPIiE TbMPEBATUEB INDICATOR. 

There are two kinds of instruments used with these thermo- 
meters for obtaining temperatures, viz. : — Fig. 2, the Whipple 
Indicator, which reads the temperature directly in degrees 
hrihrenheit or Centigrade on a galvanometer scale, and Fig. 5, 
the Oallendar Recoraer, which not only shows the temperature 
at any time, but enables a continuous permanent recora of the 
latter to be obtained. 

The Whipple Temperature Indicator (fig. 2) consists of a 
portable moving coil galvanometer, combined with a Wheats Jolle 
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Bridge (fig. 4). The resistance of the platinum spiral coil, SO, 
in the thermometer is balanced by the ^ fixed resistance, B, con- 
tained in the instrument, and by the position of the contact, C, 



Fia. 3 . — Thermometer Switchboard for Enabling Several Different 
Temperatures to be Taken or Recorded. 



on the balancing wire, B W. The pointer of the galvanometer, G, 
cfho^s when this balance has been obtained by remaining in the 
centre opposite to its zero or index mark. 


OALLIBKDAB BEOpBPBB. SB 

Here, the resistances of the bridge arms, a and 6, are each 
equal to 10 ohms, or any other convenient equal values. The 
third arm of the bridge is occupied by a fixed resistance, B, equal 
to that of the S G coil at 0* Cent. B is a battery of, say, two cells, 
as shown by fig. 2, with a key, K, for bringing it into action 
through a resistance of 10 ohms. The balancing wire, B W, is 
wound in the hollow of a screw thread cut upon an ebonite 
drum, and the galvanometer contact, 0, can be moved round 
this wire by means of a milled head, H (fig. 2), until a 
balance has been obtained, as shown by the galvanometer 
pointer returning to zero. The temperature of SC can then 
be read off directly from the scale, A (fig. 2), which is connected 
to the galvanometer contact, 0. 



Fio. 5.— Oallendab Kegobdee, with its 
Wheatstone Bbidob, &;o. 

Callendar Recorder. — In the Oallendar Recorder (fig. 6), the 
method just described is applied, but here the galvanometer 
contact, 0, acts by m#ans of a relay upon an automatically-acting 
recording pen, which produces a record of temperatures shown 
oy figilfi.. The principle of the recording mechanism is similar 
to that used in many other instruments, such as the barograph, 
recording amimeters, and voltmeters. There is the usual cylin- 
der covered with squared paper, divided lengthvv;ise into units of 
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time and vertically into , degrees temperature. It is revolved 
by clockwork once in two or twenty-four hours. The motion 
of the pen of the instrument is controlled by electromagnets, 
whilst the latter are actuated by the differences in the resist- 
ances of the bridge balancing wire, BW, on the two sides of 
the galvanometer contact, 0, as shown in fig. 4. 



ElO. 6. — TEMPERATimE SHEET, AS PRODUCED BY THE CaLLENDAB 

Recorder. 

Thermo-electric Thermometers or Pyrometers. — This system of 
measuring high temperatures was prominently brought before 
the Institution of Mechanical Engineers ind its Alloys 
Besearch Committee,** by the late Professor Sir W. C. Boberts- 
Austen, and is said to be largely used on the Continent for 
smelting and foundry wo^*k.* It is based on the fact, that if 
two pieces of different kinds of metals are joined together at 
both ends, and the two junctions are kept at different tempera- 
i tures, then a difference ot electric potential is produced between - 
the two junctions. Consequently, an electric current will pass 
through the two metals in series. The metals usually employed 
are pure platinum and some alloy of platinum, such as platinum 
rhodium or platinum. iridium. These metals are called the 
“couple.” They are fused or twisted together at one end, and 

* See the ProceedimB of this Institution for April, 1893, 'for 
shofVlt K illustrations, of his Tbermo-oleotric Recording Pyrometer.^tiaJlnS^ 
centre v 
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protected hif. tube in the same manner as those described 
for the previous themometer. ' The other end of the thermo- 
couple should be kept as cool as possible and in circuit with 
some form of galvanometer through which the thermo-electric cur- 
rent passes* This gal vanometer may be calibrated to read directly 
in degrees of temperature. It is also useful to have it calibrated 
In millivolts, as it can then be standardised at intervals. In the 
thermo-electric method of measuring temperature, it is advisable 
to^ have the galvanometer as close as possible to the couple; for,, 
if long leads are employed, their resistance may introduce an 
error. The author has found, that one great difficulty often 
arises with these high-temperature pyrometers, when the heat 
exceeds 1,800® to 2,000® Fah., from the porcelain tubes breaking, 
cracking, or bending. In the case of using them for melted 
brass, the fumes or gases arising therefrom, pass, through the 
cracks or mica lining, and soon destroy the thermo-electric wires 
and their junctions. He understands, however, that the Cam- 
bridge Scientific Instrument Company have recently overcome 
this difficulty, and are now prepared to submit their instruments 
to temperatures which were previously considered injurious to 
accurate pyrometers. 
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Leotubb m.— Q uestions* 

1. Define the temperature of a body. What two natural phenomena have 
been employed to determine two points of reference in the scale of ther- 
mometers ? And' why ? 

2. Convert (-46r2* F.), O’* F., 9* F., 32’’ F., 39-r F., 60” F., 76” F., 
98” F., and 212” F. into degrees on the Cent, scale. Mention what each of 
these temperatures relate to or are frequently used for. 

3. Convert ( -274” 0.), 0” C., 4” 0., 15-5” 0., 24” Q, 36*6” C., and 100” 0. 
into degrees on the Fah. scale. Mention what each of these temperatures ‘ 
relate to or are frequently used for. 

4. Compare the Fah., Cent., and R^au. scales. A Cent, thermometer 
indicates 15”; show by proportion (in full) how you find what are the 
correiroonding readings in the Fah. and R^au. scales. Am, 69” F. ; 12” R 

5. Zinc boils at 1,204® F., mercury at 676® F. ; change these readings to 
Ctot. (show your work in full). Am. 651® 0. and 358* C. 

6. Explain the short methods of converting degrees Fah. into degrees 
Cent, given in the footnote immediately after the tables in this lecture, and 
by these convert 200® Fah. into Cent, and 100” Cent, into Fah. 

7. Define thermometry and pyrometry. Give their derivations, and 
explain why the latter term should be employed when referring to tem- 
peratures above boiling mercury. 

8. Mention the six classes of pyrometers, naming an example of each. 
State in what cases and why the exact measurement of high temperatures 
is of value to engineers. 

9. Sketch and describe concisely the construction and action of a good 
platinum resistance pyrometer. How is it used to obtain several different 
temperatures in different places at the same time ? , 

10. Explain the construction and action of a thermo-electric couple. 
How is it applied to indicate and to record high temperatures ? 

11. Sketch and describe the construction and action of an automatio 
recording apparatus for use with either the platinum resistance or thermo- 
electric couple pyrometer* 



LECTURE IV. 

Contents. — Quantity of Heat — ^British and French Thermal Units--- 
Calorimetry — ^Bunsen’s Calorimeter — ^Method of Mixture — ^Definitions 
of Thermal Capacity and Specific Heat — ^Ei^mples I. to VL on Gain 
and Loss of Heat by Substances, &o. — Specific Heat Table — Thomson’s 
Coal Calorimeter — Rosenhain Form of Thomson Coal Calorimeter — 
Gas and Oil Calorimeters — Calorific Values of Coal and Gases from 
Analysis — Specific Heats of Gases and of Steam — Questions. 

In the previous lecture the attention of the student was confined 
to the Jlrst of the expressionji with which it started — the 
femperature of a body and how it is measured. In this lecture 
the secoTid and third expressions, qucmtity of heat and capoGity 
for heat, will be dealt with. 

Quantity of Heat. — The method of measuring the quantity of 
heat in a body is termed Calorimetry,* and the value of that 
quantity is found in units of heat. The expression qucmtity of 
heat in a body, not only involves a knowledge of the temperature, 
but also of the capacity for heat of the body. In fact, the quan- 
tity of heat in a body is simply the product of its capacity for 
heat and the temperature of the body. We have a precise 
analogy in heat energy, to the way in which two other familiar 
kinds of energy are estimated — viz., mechanical energy and 
electrical energy. In the case of mechanical energy, the quanr 
tity of work put into a body is the product of its capacity for 
work or weight and its displacemmt or distance through which it 
is moved. In the same way, the quantity of electricity put into a 
body is the product of its capacity for electricity and its increase of^ 
potential. Also, the qucmtity of heat put into a body is its eapacity 
for heat into its rise in temperature. These three forms of energy 
are convertible, and may be expressed in ft. -lbs. or units of work. 

Units of Heat. — To be able to compare different quantities of 
heat, we must first fix upon a standard substance in a constant 
condition, and note the effect of raising a unit mass thereof, 
through our unit of temperature. The most convenient sub- 
stance is found to be pure water at itq maximum density point, 
and our unit of mass is 1 lb., whilst our unit of temperature is 
1" Fah. Since the capacity for heat of water varies so little from 
32* to 100* F., any reference to its maximum density point, 39*1® 
F ., or to any other temperature, may be omitted in Engineering 
questions. Hence, we define the British Unit of Heat : — 

The British Theignal Unit (symbol, B.T.XJ.) is the quantity of 
heat required to raise 1 lb, of water 1* Fah, 

* The^ French Unit of Heat is called the Calorie, from the l^atin word 
C7(Wor, signifying warmth or heat. It is the quantity of heat required to 
r kilogramme of water 1" Cent. It is equal to 3*968 (roughly 4) 
]^a»t. For satmll p^sioal and dectrical quantities o^ibat 
cij thk— the small or 0.0.8. Calorie, or gsamme-degree Cent, 
(gm. 1 O.) — IB now Uhiversallv used as the standard unit, nf ViAflt 
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Cdlorimetry. — ^The Ice bald^tneter of Laplace, and Lavoisiet* 
consisted of three thin copper vespels of different sizes, so as to 
permit one J)eing placed inside another. The outer and middle 
one were packed with broken ice, and were furnished with drain 
pipes and^cock8 by which to run off the water from the ice as it 
became melted. The third or inner vessel held the body to be 
experimented upon. Although this apparatus furnished good 
results in the hands of the inventors, it is liable to lead to 
erroneous determinations, owing to the water produced in the 
middle vessel adhering to the ifroken ice, instead of draining 
completely away. 

An improved form of ice calorimeter, designed by Bunsen, is 
illustrated in the following figure, and is thoroughly reliable in 
the hands of a good experimeter. 


B 

T 

eO 

M 

GS 

V 


1000 


qI^ 


Index. 

for Body to be experimented on. 

„ Test tube of thin glass into which, 
B, is inserted. 

„ Calorimeter containing water O^O. 
„ Mercury. 

„ Graduated scale or gauge stem. 

„ Vessel containing snow or ice. 



Bunsen’s Ice Calobimetkr. 


The body, B, of known weight, which is to give off the quantity 
of heat to be measured, is first heated in a test tube held in a 
current of steam of known temperature. It is then dropped 
quickly into the very thin, dry, clean test tube, T, which is now 
corked with cotton wool. This test tube is surrounded with 
solid ice contained in the calorimeter, C. Ii^ the bottom of the 
calorimeter there is a quantity of mercury, M, which extends 
up through the thin tube to the graduated scale, G S. 


.♦Bee i^towell or Tait on “Heat,” for a full description of Lavoisier’s 
« <i^4ssv:$iieter and its defects. 
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The yesseh y>.hi packed either with newly fallen snow, free 
(rom dust particles, or with ice.- The ice in the calorimeter is 
made from distilled water, from which every trace of air has been 
expelled.^ If there was air in the water, the process of freezing 
would expel it, and produce bubbles at the top of the calorimeter, 
which would vitiate the results>^ for the accuracy, of the test 
depends upon observing the diminution of the volume of the 
ice in the calorimeter, 0, when a portion of it becomes melted 
by the heat passing from thp body, B. This diminution of 
volume of a portion of the ice is indicated by the free end of 
the column of mercury at the graduated scale, GS, moving 
inwards. The value of these gradations having been previously 
ascertained, the quantity of ice melted, and consequently the 
number of units of heat that pass from the body, B, when it 
has fallen to the temperature of the ice, are easily ascertained. 

The value of the gradations on the scale, G S, may be approxi- 
mately ascertained, by placing a known weight of water at a 
known temperature in the test tube, T, instead of the body, B, 
and noting the number of divisions which the free end of the 
mercury passes inwards, when the water in the test tube has 
fallen to the temperature of the ice in the calorimeter. 

Example I. — Suppose 1 lb. of water at 212* E. to have been 
placed in the test tube, T, and that, when its temperature had 
fallbn to the temperature of the ice, 32* F., the free end of the 
mercury at the scale had moved inwards from 0 to 32 divisions 
on the scale. Now, by placing 1 lb. of lead at 212* F. in the test , 
tube, T, and waiting until its temperature fell to 32* F., if we 
found that the free end of the mercury only moved inwards by 
1 division, we would conclude that the quantity of heat which 
had passed from the 1 lb. of lead was only the part (*031) 
of what had ^eviously passed from the water in the test 
tube to the ice in the calorimeter, under precisely similar 
circumstances. 

The capacity for heat of lead, or its J^hermal capacity,* is there- 
or -031 that of the standard substance — viz., water. 

Method of Mixture. — This method depends on the quantity of 
heat which escapes from one body, increasing the temperature of 
another body. 

To illustrate this method, again take the case of lead:" Weigh 
out 1 lb. of sheet le^, roll it into an open spiral, and attach it 
to a string. Now, dip the lead into a pot of freely boiling water 
until it has attained the, temperature of the water. While this 
on weigh out a pound of cold water, and ascertain its 
temperature a thermometer; say it is 47* P. Th^h lift the , 
iead mm the^l|^ng vrater, and, while, holding ^it by the string 
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in the steam rising from the water, allow all water to dro^ from 
it, and immerse it quickly in the cold water vessel, keeping it 
moving by means of the string, so as to bring it intimately into 
contact with every portion of the water, as shown in the follow- 
ing figure, where, L, is the lead, 
and, T, the thermometer. Observe 
the gradual nse in temperature of 
the water due to the heat passing 
from the lead, note the point at 
which it ceases to rise, and supposb 
that to be 62*F. We have thus 
ascertained data, from which we may 
calculate the relative capacities for 
heat of lead and water, if none of 
the heat from the lead was given 
to any other body than to the 
water. 

Thus — The diminution in tem- 
perature of the lead from 212*' to 
52* = 160® ; the increase in temperature of the water from 47® 
to 62* = 6®. 

Therefore, since — 

The Lose of Heat from the one svJbetcmce = the Oedn of H§ai 
by the other, 

c Or, the heat from 1 lb. of lead falling 160* » the heat im- 
parted to 1 lb. of water raised 5*. 

^ The units of heat in 1 lb. of lead ^ _ 1 

The units of heat in 1 lb. of water * 160 ““ 32‘ 

In other words, the capacity for heat of leacf' is only ^ part 
that of water, or the same quantity of heat would raise 1 lb. of 
lead through 32 times as many degrees as it would 1 lb. of water. 

Thermal Capacity. — The capacity for heat^ or the thermal 
capadly of a body^ is the quantity of heat required to raise its 
tempercdnire by one degree. 

The thermal capacity of unit mass of a substance is called the 
Recife heat of the substance. Hence the definition : — 

Specific . epeeific heat of a sub^temee is the quemtity 

of heat required to raise unit mass of it by one degree in 
temperature. 

This shows, that the specific heat of water (which is^ taken as 
thg^ standard substance) is the same as the ** British Unit of 
Seat when the temperature of the water is at its maximum 
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density point.. The specific heat of water, however, increases 
slightly as its temperature is raised, by a mean of J of 1 per 
cent, between the freezing and the boiling points. It is, how- 
ever, convenient to consider, that a British unit of heat and the 
wnit of specific heat are identical ; because, as we shall see when 
we come to deal with their corresponding value in units of work, 
Joule’s equivalent of 772 ft.-lbs. of work (or 778 for the latest 
determination) is the rate of exchange for either or both of these 
units and vice versd. 

The above definition also slmws, that the specific heat of a 
substance, is identical with the ratio of the thermal capacity of 
any mass of that substance to an equal mass of water. For 
example, look at the following table of “ Specific Heat of Sub- 
stances,” and we see, that the specific heat of ice is (fully) ‘5. 
This means that the capacity for beat of ice at 32* F. is *5 to 1, 
or half that of an equal mass of water. Again, we see from the 
same table that the specific heat of lead is *031. This means (as 
we have already shown), that the ratio of the thermal capacity 
of a mass of lead (say 1 lb.) to the same mass of water (viz., 1 lb.) 


. *031 1 

“ 1 ~ 32' 


In other words, a definite weight of water will 


absorb 32 times the same number of units of heat that the same 
weight of lead will absorb, in order that the temperature of each 
may be raised by the same number of degrees. 

It is also clear, that if the mass of a body be multiplied by its 
specific heat and then by the number of degrees of temperature 
to which the body has been raised or lowered, the combined 
product must be the total heat units imparted to or withdrawn 
from the body. Hence ; — 


Let m = Mass of a substance in lbs. 

H<r = Specific heat (or heat specific) of the substance. 

Ht s= Total heat units required to raise the temperature 
of the substance from to 

Then, Hi « mH<r(^ 2 ~ O heat^^o raise the temperature 

of the substance from t^ to t^ or to lower it from 
to 

From this statement and formula it is clear, that if one sub- 
stance receives a certain quantity of heat from another substance, 
and that this transfer^f heat from the one to the other is the 
only heat which the one gains and the other loses, then ; — 

The 0am of Heat by tJie The Loss of Heat by the 

one Suhstamee / ( other Substance. 
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Hence, Let and » Masses of the two substances. 

Ho, and Hog = Specific heats of the two substances. 
■— Original temperature of 

<2 = • » 79 

^3 = Final temperature of 

^4 = „ „ ^ 2 . 

Then, supposing that the mass, receives heat from the mass, 
mg, we get : — 

nil Ho, (<3 — ^i) = m-g Hog (<2 ■” ^4)* 

If, however, both arrive at the same final temperature, ^3, then, 

mi Ho, (^3 - ^i) = mg Hog (^g — ^3)* 

Example IL — ^We may now apply the knowledge we have 
gained in this lecture to proving the rule for using Wilson’s 
Pyrometer, as given in our Manual, Observe, Wilson plunges 
a known weight of platinum (for the sake of illustration, assume 
it to be 1 lb.) at an wnknoum temperature, into double its 
weight of water (say 2 lbs.), and notes the rise in temperature, 
V V) which he calculates the original temperature, 
of the platinum, and, therefore, of the furnace from which it had 
been taken. Referring to the following table, we see that the 
specific heat of platinum, Ho-, = *0324, and that of water, the 
standard substance, Ho-j = 1, we get the following answer ; — 

Loss of Heat from Platinum = Gain of Heat by Water ^ 
But, loss of heat from 1 lb of platinum = mj x Ho-, x (<i — 

,, „ ,, = 1 X *0324 X ^^1 -- <3 ). 

And gain of heat by 2 lbs. of water » mg x H<r2 x - t^, 

II >1 „ s* 2 X 1 X (^3 — ^2 )• 

1 X *0324 X («!* - «3’) « 2 X ^ 1 X (<3* - 

••• = 

62(V- V) + «3* 

Or, The temperature of \ times therise in temp, of the water 

the platmum j \ +the final temp, of the water. 

Example III,— 2 kilogrammes of mercury at 100* 0. are poured 
into 2*2 lbs, of water at 10* 0., what is the temperature of the 
fixture f ^ 

Answer — 

^t t^ * Temperature of the mercury, 

^2* » „ of water before experim^t. 

V "" c mixing. 
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' jn, - Masrofmercary ^ 2 kilogrammes., 

m « ■ “ '2‘2 lbs. or 1 kilogramme. 

h/ = Specific heat of mercury = -033 (by next table). 
H,‘= „ -^ater -1 ( ,, >. . 

Then, Loss of Heoit from- Mercwry => Goin'of Heat by Water. 
Buti lose of heat from 2 kilos, of mercury = x H,, x (tj® - 

And pain „ by 1 „ water = x !!», x («g* - «/). 

'■ X IIo-, X (tj° - <3°) “=,?»2 ^ ^ (^3° “ *2 )• 

2 X -033 X (100 - «3") = 1 X 1 X (tj”- 10*). 

6-6 - 066 tjV- <3°- 10°. 

6-6 + 10 = <3° + -066 <3°. 

16-6 = 1-066 <3°. 

<3° = 16-6 H- 1-066 = W-S” C. 

SPECIFIC HEAT OF SUBSTANCES. 

BY RXONAUT/r AND OTHERS. 

Fr(m D. K. Clark's Rules, Tables, and Data” al between 
32® and 212® Fah., unless stated. 


Water at 39*1® F., 



Silver, . 


•057 

„ 212° F., . 


nsTm 

Platinum, sheet, . 

, 

•0324 

Ice at 32°, 


mmmm 

„ spongy at 952® P., 

•035 

Steam at 212®, 


•480 

Coal, . 


•240 




Coke, 


•200 

Iron, cast, 


•J30 

Olive oil. 


•310 

,, wrought, 


•113 

Air, 


•238 

Steel, soft, , 


•116 

Carbonic oxide. 


•248 

Copper, . 


*095 

,, acid, • 


•217 

LeaJ, . . . 


•031 

Hydrogen, . 


3-404 

Zino, . . • 


•093 



•218 

Tin, 


•057 

Nitrogen, 


•244 


Note 1, — Students will find it to be both interesting and instruotive to 
try and verify (even roughly), by means of a home-made Bunsen calori- 
meter, any of the speoi& heats in the above table. Before doing so, 
howevy, it will be advisable to study the detailed description of how to 
ascertain with great accuracy the complete constant for the gauge tube 
graduated scale, G S, and then for the correction due to the simultaneous 
meltmg and forming of me in the (Perimeter, 0, owing to its being sur- 
thU*bo\^^ a freezing mixture (see previous fi^re and former editions of 

The specific heat of an elementary solid (pure body) is inversely 
as Its atomic W^ght, or the specific heat multiplied by the atomic weight 
•s a oons^idf 
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. Coal Calorimeters. — It is very importaat that engineers should have a 
simple) ready and aoourate instrument) whereby they may test the oorreot 
values of the heat-producing qualities of different kinds of coal. In all 
complete and exact trials of steam plant, it is of the utmost importance to 
ascertain the pounds of water converted into steam per lb. of coal burned 
in the furnace. This proportion does not, however, give a definite idea of 
the actual heat units per lb. of coal consumed, since an indefinite amount 
of the total heat evolved may have been lost through radiation and con- 
duction to surrounding bodies, as well as through the flues and chimney. 
In order to find out whetlier the boiler is doing its duty, it is necessary 
to test samples of the coal independently of the boiler. This can only be 
done by the aid of a good calorimeter. 

William Thomson’s Coal Calorimeter.— In previous editions, Mr. 
Lewis Thompsem’s Calorimeter or Fuel Tester was illustrated and de- 
scribed ; but owing to the fact, that 10 per cent, had to be added to its 
indicated heat units, in order that a more or less accurate approximation 


Index to Parts. 

C V for Calorimeter vessel. 

W ,, Water, 

T „ Thermometer. 

CC „ -Combustion chamber. 

P B Perforated base. 

PT ,, Porcelain tray. 

C S „ Coal sample. 

PW „ Platinum igniting wire. 

„ Leads to battery. 

OT ,, Oxygen tube. 

G N „ Gauze nozzle. 

GO „ Gas outlet. 


OT 



Diagbam of the William Thomson Coal Galobimeti:r or Fuel Tester. 

might be arrived at, this method of igniting and burning the coal sample 
had to be improved, as well as the exact determination ot the specific heat 
of each element of the apj^ratus. Mr. William Thomson, Analytical 
Chemist, the Royal Institution Laboratory, Manchester, has given great 
attention to this subject and brought out an improved calorimeter by 
keeping these special purposes in view. A diagrammatic or educational 
view of his apparatus, with an index to parts, is shown by the figure : — 
It consists of a glass vessel, C V, into which is placed a Woulff’s bottom- 
less tlmee-necked bottle, resting upon a perforated metal or porcelain base. 
On this base is placed a porcelain or platinum tra^^, PT, containing the 
coal sample, C S, to be burned. This sample is ignited by pushing down 
the tube oontaihing the -f- and — leading wires from an ordinary l:S.ttery. 
The lower ends of these wires are connected to a platinum igniting wire, 
PW. Whenever this wire comes into contact with CS, the mittery 
circuit is closed and the platinum wire becomes white hot, thus setting fire^ 
to the sample wl^se oatgrifio value has to be ascertained. In 'order to 
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keep up rapid oomb'istion and to ensure that every particle of the sample 
is thoroughly consumed, a flow of oxygen under pressure is turned on to 
OS from the oxygon tube, 0 T. The lower end of this tube terminates in 
a cylindrical wire gauze nozzle, GN, to spread the oxygen and thus* 
prevent the too>rapid breaking-up or splitting of the sample. When the 
sample has been apparently consumed, as seen through the surrounding 
glass vessel, 0 Y, containing the water, W, and the combustion chamber, 
0 C, it is finally stirred up by the platinum wire, P W, in order to bum 
the very last iota. Then, the supply of oxygen is turned off and the gas 
outlet tube, G 0, is opened by pulling up the handle, H, connected W a 
metal wire to this outlet cook, as showi^ by the accompanying figure. Ijiis 
permits the head of water, W, in C V to press through the perforated base, 
P B, and to fill the combustion chamber, G 0, so as to bring the water into 
intimate contact with the gaseous products of combustion (which are shown 
rising as bubbles through the w&ter), as well as with everything that has 
been heated by the combustion of the small coal sample. 

The gradual rise in temperature of the whole of the water, W, is now 
'noted by taking readings on the sensitive thermometer, T, which is 
graduated to about half-an-inch per degree Fah. into tenths and one- 
hundredths of a degree. The times in seconds are also noted by a stop 
watch, so that the highest Tnean temperature reached by the water may be very 
exactly determined This temperature is taken as the value, with which 
to make the following simple calculation of the ccdorific value, Cv, of the 
coal sample in British thermal units (B.T.U.). If all the heat which is 
generated by the burning of the sample be communicated equally through- 
out to the water and to the several things contained in it, and, if the 
highest mean temperature to which these attain bo exactly noted, as well 
as the equivalent value in “ grammes of water.” Then : — 

The Heai Units given ml hy Sample = The Heat Units ahsorhed hy Water, effc. 

Or, Cv X to = W X «, 

Wt 

t.e.. The calorific value, Cv = -^gm. -deg. -Fah. 

Where, to = Weight of coal sample in grammes. 

W = Weight of water -I- equivalent weight of water of the other 
things in it in grammes. 

t s= Maximum rise of mean temperature of W in, say, degrees Ihh, 


Mu.^The following tgble gives the figures obtained for one of the William Thomson 
Coal Galorimeteis, as used for the following calculations 


Material Used. 


Glass of beaker =7*812 oza. 
Glass bell, . . . . 
BJcass. 

SSanmn; J : I I 


Weight Speciflo Equivalent 

in • Heat of to Grammes 

Grammes. Material. of Water. 



Total material heated in the calorimeter equivalent to water, 


2*681 

2,000*000 
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Examplxi IV. — Suppose that the coe^l sami^le, lo, weighed 2 grammes, 
that W, the weight of water, and the other things in it had the equivalent 
shown by the previous footnote — viz., 2,072*8 grammes—and that the mean 
maximum rise of temperature of W was 12*7® Fah. ; find the calorific 
value, Cv, of the coal sample. 

From the previous equation and formula, and substituting the given 
values, we get— 


Or, 


Cv 


2072*8 X 12*7 
2 ^ 


Cv = 13,162 gramme degrees Fah, 


Hence, it follows that each gramme of such coal could give out 13,162 
gm.-Fah.® of heat; or, that each lb. of such coal if perfectly burned in a 
boiler furnace, and if the whole of its heaJt of combustion wore transmitted 
to the water in the boiler, the water would receive 13,162 lb. -Fah.®, or 
B.T.U. of heat. 

Now, if it be desired to know what weight of boiler water this quantity of 
heat would evaporate, or convert into steam at atmospheric pressure, wo 
have only to know that water boils at 212® Fah. under these circumstances, 
and that 96*6 B.T. C. arc absorbed in converting every lb. of the water into 
steam; or, that the latent heat of steam (as will be seen later on) is 
966B.T.U. Hence:— 

13 162 

Weight of water evaporated = " = ^3*6 lbs. 


Of course, we do not get this splendid result in actual daily practice, even 
from the very best Welsh coal and with the most perfect boiler ever made, 
but it is the aim and object of every good engineer to got as near to it as he 
can. In most cases, as we shall see later on, 10 to 12 lbs. of water evapo- 
rated from and at 212® Fah. per lb. of the good coal, having a calorific 
value of about 14,000 B.T.U., is considered good work. 

The Bosenhain Form of Thomson Coal Calorimeter.— The student 
should now have no difficulty in understanding the construction and action 
of the latest form of this instrument, as made by the Cambridge Scientific 
Instrument-Making Company, by aid of the following figures, index to 
parts, and concise description, as it involves no ful^her principles than 
those just enunciated 

Gomlruction and Manipulaii<m of the Instrument. ---A b in the former 
apparatus, this instrument jsonsists essentially of two main parts, viz. 

A polished brass box (instead of a deep glass jar), with a bottom and two 
diametrically opposite glass windows. This forms the containing vessel, 
C V, holding the water, W, and the combustion chamber, CO, in wL h 
the coal sample, OS, is burned. The combustion chamber, 00, consists ui 
an ordinary glass lamp-chimney, closed at the top and the bottom by brass 
clamping plates, 0 Pi and 0 P^, with rubber washers, R W. 

When tne platinum or porcelain tray, P T, containing the coal sample, 
0 S, has been placed on the plate, 0 P 2 * and tha three upright rods, U K, 
have been inserted into their lugholes in 0 P 2 , then C 0 is pnt upon the 
lower B W, and the upper plate, 0 Pi, with its attachments, is laid on the 
upper end of the combustion chamber. Three brass nu^, Are then 
screwed upon the three upright rods, thus drawing the two end.olammng 
plates firmly into contact with the top and bottom rubber washers, B^«^< 
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A ball joint, B J, oontaioing a stuffing-box, SB, is mounted on tbe upper 
plate, 0 Pi. Through: this stuffing-box there passes a leading wire tube, 
L T, containing two t^res connected at the upper end of Wi, W- (as shown 
by the first outside view), with the and — terminals of a suitable electrio 
battery, giving about 6 volts, which is used to render incandescent the 
platinum wire, PW, connected to the lower clips of Wj, Wg. This 
platinum wire is for igniting the coal sample, C S ; and, as will be readily 
understood, it can be pushed down or pulled up through S B, so as to bring 
it into contact with CS, or to remove it therefrom. 


The upper plate, C Pi, also carries an 
outer end to an oxygen supply under 
covered by a wire gauze nozzle, W N, • 
ing and gently distributing the 
sample (when the latter has been 
num wire), in order to thoroughly 
fuel under test, without fracture, 
The upper plate, 0 Pi, also carries 
worked by a cook and handle, H, 
let the water, W, into the combustion 
bottom inlet or outlet, BO, after 
sumed and after the oxygen is cut 


oxygen tube, 0 T, connected by its 
pressure. A\> its lower end it is 
for the purpose of supply- 

I necessary oxygen to the 
ignited by the heated plati- 
biirn up the coal or other 
as previously eimlained. 
a gas outlet, G O, which is 
so that, if it be desired to 
chamber, CG, through the 
the sample has been con- 
infi&l olf, a little of the gas 






Rosenhain Form op Thomson’s Coal Calorimeter. 

Made by the Cambridge Scientific Instrument, Compaiw. 
/Connected up to Battery and Oxygen Supply, and Ready for ^sting. 

products of combustion may readily escape by GO. Then the natural 
head of water, W, and the pulling up of the bottom Valve, BV, by the 
valve-lifter handle, VL, permits the surrounding weter to enter the 
combustion chamber, OiC, through B O and flood the whole interior of 
0 C. At the same time^ the products of combustion in C C partly escape 
by B 0 when G O. is closed, and the whole of the water which has entered 
CC may J»e .|^ced out into 0 V by the application of oxygen from OT, so 
OV can be brought into intimate contact with everything 
be^n by the burning of C S. 
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I((7 

’*"cc ^ 




III 

CP, 


-WC [P^ 



Index to Parts. 

W C for Wpoden casing or outside 
cover. 

CV ,, Calorimeter vessel 
GW M Glass windows for C V. 
CS ,, Coal sample. 

PT ,, Porcelain tray. 

OC „ Combustion chamber. 

JPn e » Cover plates for top and 
bottom of CC. 

R W „ Rubber washers for C C. 
UR „ Upright rods. 

N „ Nuts for UR. 

BJ ,, Ball joint. 

SB „ Stuffing-box. 

L T „ Leading-in wire tube. 
ii Wg ,, Wires to P W. 

„ Leads to battery. 

P W „ Platinum wire igniter. 
OT „ Oxygen tube. 

WN „ Wire gauze nozzle. 

B 0 „ Bottom outlet or inlet to 
chamber, CC. 

BV „ Ball valve for bottom 
outlet and inlet. 

VL ,, Valve lifter for BV. 
GO,, Gas outlet. 

“ H „ Handle for G 0. 

T ,, Thermometer. 

W „ Water in OV covering 
the combustion cham- 
ber, 00. 


Vebtioal Section and Plan, with Index to Parts, of the previously 
. X, ; Illustrated Rosenhain-Thomson Ooal Oalorimeter. 
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The thermometer, T, is now read as previously described in explaining 
the Thomson instrument. This thermometer is graduated into degrees 
Centigrade and subdivisions, so that O’Ol®. 0. may be correctly read. 
Another thermometer, graduated to 0*01® C., is also used for the purpose of 
taking the temperature of the atmosphere and of the oxygen su^ly in the 
oxygen wash-bottle, as seen to the extreme right of the first figure ; whilst 
the ordinary water supply bottle and a 1,000 o.o. measure, for holding 
the necessa^ water is seen on the left of that figurei,'^ It will be observed 
from this figure, the vertical ^ section and plan, and the next 


figure, that the containing vessel 
fitting wooden case for the 
of air carrying off heat by 
brass box window-fitted con- 


is surrounded with a loosely- 
purpose of preventing currents 
radiation from the polished 
taining vessel, C V. 



Rosen iiAiN -T homson Coal Calorimeter, showing Forms A and B 
Made by the Cambridge Scientific Instrument Company. 

• 

This casing is dispensed with in the cheaper and simpler form, B, 
shown on the right hand of the above figure. Also, in this form, the 
products of combustion, the aperture or bottom outlet, BO, communi- 
cates directly with the water, W, without the intervention of a ball valve, 
B V, for the gas pressure in CC, can be made sufficient to keep out or let 
in t^e water, W, as required. 

Ad^racy of' the InM'nwieanJt , — ^Full Instructions how to use these calori- 
meters ate supplied by^he makers with each instrument. They state, 
that the complete combustion of a small compressed cylinder of coal takes 
from 7 to 16. minutes, according to its weight, by aid of this instrument, 
whilst less than per cent, of the. sample escapes being thoroughly burned, 
and l^hatmb c^arbon monoxide need be formed when the supply of oxygei^ 
u,t|^^6j^ j^e^latecU It is worth noting here, however, that aftor 
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the maximum readius of the thermometer, T, has been observed (by takine 
the values at stated short intervals after the water has been finally expelled 
from the combustion chamber), the entire instrument is allow^ to cool, 
with a slight current of ox^^gen passing through it for a period of time 
equal to half of that which has elapsed between the commencement of the 
combustion and the maximum reading of the thermometer. Then, the fall 
of temperature during this time is added, <ts a radiation correctiont to the 
apparent rise of temperature observed between the initial and maximum 
readings of the thermometer. 

Here, in this instiumeut, we see, that the thermometers used are 
graduated to the Cent, scale, and that the weight of the coal specimen is 
taken in grammes, whilst the times arc observed in seconds. Hence, 
everything is noted in accordance with the truly scientific and now 
universal centimetre • gramme - second system of carrying out accurate 
physical or electrical experiments. 

Example V.— 

Let W =3 3,270 gms. of water (for the whole instrument, as before). 
w = 1*425 gms. for weight of coal specimen. 

t = 3*34® C. for appatent rise of W + *08® C. for radiation 

correction. 


Then, since the calorific value, Cv, must be in gramme degrees Cent., or 
French calories, we get, by the same reasoning and formula as before — 


Cv = 


w 


3,270 X 3*42 
1*425 


7,850 e.G.S. calories. 


But, since a degree Cent, is equal to | of a degree Fah., we have only to 
muhi^l^ 7,850 by 9 and divide by 5 in order to get the result, 14,130, 

Gas and Oil Caloiimeters.— In view of the fact, that gas and crude 
mineral oils are now fiequeutly burned instead of coal for generating 
steam in boilers, as well as for producing power in gas engines, it is import- 
ant that engineers should be able to measure accurately their calorific values. 
The principle and the action of calorimeters adapted for this purpose will 
be readily understood from what has been stated in this lecture. The heat 
generated by the flame of the burning gas or oil is transmitted to a current 
of water flowing at a constant rate in a somewhat similar way to that 
of a surface steam condensei. Then, measurements ate simultaneously 
taken of — 


(1) The quantity of gas or oil burned in a certain time ; 

(2) The quantity of water passed through the calorimeter in the same time ; 

(3) The constant or mean' diflerence of the temperature in degrees of the 
water on entering and leaving the apparatus dining the experiment. 


Junkers’ Gas and Oil Galorimeter.—The general arrangement of the 
whole apparatus, as set up and ready for a gas test is shown by Fig. 1 witi. 
its index to parts. A vertical section and sectional plan through the 
calorimeter vessel is explained by Fig. 2 and its index to parts. I^ally, 
Fig. 3 shows a special burner for testing the calgrifio value of oiWspirits 
and other liquids. S ^ 

Testing Gases.— From the general view in Fig. 1 and seotiokj^Vews in 
Fig.^2, it will be seen, that the gas to be tested is measured for qu^ity by 
a gas meter, GM, for temperature by a th'^rmometer, Tj, and for pressure 
Jby a meter, PM, and gauge, PG, before it enters the burner* B, in the 
^OjtJOrimeter vessel, 0 V. The heat produced from the fla&e, F, \^hioh 





5a 


JtJlsrEBltS* aAS OALOBIMBIE^^ 

from the btiriiet, strikes the inside ^f , the combustion chamber, CO, and 
the heated gases, H Ci, turn round near the top of this chamber and enter 
the upper ends of a series of vertical tubes surrounded by water. ■ These 
gases now down the tubes and give up their heat to the water before 
issuing by the spent gas outlet, GO. 

The cold water is led by the water-supply pipe, W S, to an elevated 
cistern, from which it gravitates through the C W pipe to an adjustable 
tap, A T, where its temperature is taken by the thermometer, T 2 . It then 
flows upwards and around the numerous heated gas tubes, H G, inside the 
calorimeter vessel, OV. The heated water, H W, is thus forced up through 
a series of divisional or disc plates, D P, in order to thoroughly mix it and 
enable the thermometer, Tg, to regi^r the temperature which it has 
attained from the heated gases. The hot water overflow, H W 0, then 
passes into a soil^ipe funnel until the difference of temperature, as found 
by T 2 at the inlet and at the outlet by Tg, becomes constant, when it is 
turned into a water measure, WM. The other and smaller water 
measurer, W M, is for the purpose of collecting any condensed vapour 
from the inside of the containing vessel, C V. For every cubic centimetre 
of water collected in this smaller vessel an allowance of 0’6 calorie must 
be made and deducted from the gross value, as shown by the example. 

Testing Oils , — The only difference between the arrangements for testing 
the calorific values of gases and oils, or other liquids, lies in the burner. 
For this purpose a special arrangement has been provided, as shown by 
Fig. 3. The liquid is contained in an oil reservoir, OR, which has a 
screwed top or nipple, n, connected to a force air-pump for the purpose of 
driving the liquid up to the burner, B. The whole of this special burner 
and its fittings can be suspended from one arm of a balance whilst the 
flame is playing up inside the combustion chamber, C 0, of the calorimeter 
previously descrioed. By taking off a weight from the scale pan side 
equal to the desired amount of oil to be burned, the balance will show 
when this quantity has been consumed by its pointer arriving at zero of its 
scale, then the experiment can be stopped and the calorific value of the 
consumed oil ascertained with the same accuracy, and in the same way as 
now to be described for gases. 


Example VI.— 

Let Cv = Calorific value obtained from the burned gas or liquid. 

,, W = WeighJ; of water passed through the apparatus and heated. 
. ^ = Temperature difference of inflow and outflow water. 

„ G =s Gas or oil burned during the test. 


Then, 


Cv = 


“G" 


calories or heat units per unil of gas or oil burned. 


Suppose that the following results were obtained ; — 


Gas Meter. 

■ ■ ■■ — ■ 

Cold Water by T*. 

Hot Water by T 3 . 

Water Passed. 



■v 8^r-o. 

26-7‘7“ 0. 

2 litres. 


oubio fodt s * = (T,- T,) = (26'77-8'77) = l6‘ C, 
'■ 'WW-j^J^^^nunmes. - ' ’ 










Fig. 1.— Junkers’ Gas and Oil Calorimeter. 
In Complete Working Order. 

(By Hermann KiUine, Limited, London.) 


measure, W M, its calorific value per cubic foot of gas consumed will be, 
as previously explained : — 

0*6 X 53 1 K n 1 * 

g — = 15*9 calories. 

Hence, the net calorific value per cubic foot ^ the gas in the uresent 
instance will be— 

(104*65 - 15*9) = 8875 (large) calories. 

^d, , * 160 B.T. U. ^approximately). 



fNaste of Cold WaterOverfton 
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iMDiiz TO Pasts. 

For Fig. S. 

C W for Cold water. 

AT ,, Adjustable tap. 

DC ,, Discharge cock. 

To „ Inlet thermometer. 

CV ,, Calorimeter vessel. 
HW ,, Heated water. 

D P „ Disc plates. 

T 3 „ Outlet thermometer. 

B ,, Burner. 

P „ Flame. 

C 0 „ Combustion chamber. 

HG ,, Hot gases passing down 
through the vertical 
tubes. 

GO ,, Gas outlet for spent 
gases. 


For Fig. S, 

B for Burner. 

OR ,, Oil reservoir. 
n ,, Nipple. 



PiQ. 2 . — Vertical Sboi'ioe and Plan 
O f Junkers’ Calorimeter. 


Fia. 3 .— Special Burner for' 
Testing Oil Fuels witn 
Junkers’ Calorimeter. 
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Calorific Values of Coals and Cases firom their Chemical Analysis. 
—If we obtain a correct analysis of any coal, gas, or oil and refer to a table 
of the heat units per lb. or per gm. for each element contained therein, we 
can calculate the approximate calorific value of the coal, gas, or oil, but 
this method of arriving at the result is now giving way to the more prac- 
tical and direct calorimeter measurement just described.* 


Example VII. — Taking the following formula, as used by Messrs. Brame 
and Cowan in their ‘‘Comparison of Different Types of Calorimeter,”' and 
applying the same to their analysis of a sample of coal, where— 


Carbon (C) . . . == 90 *09 

Sulphur (S) . . . = ^7 „ 

Oxygen and nitrogen (0 -I- N) = 3 *61 „ 


Hydrogen (H) 
Ash 


3-85 7, 
1-68 „ 


We get the calculated calorific value, Cy, in large calories by the formula 


CV= [8,1400 + 34,60o{h - (0 + ^) - +2,2208 j. 


Ov = 8,667 calories = 15,421 B.T.U. 


This high value was only 0*7 per cent, lower than their best result by 
experiment with the Mahler Calorimetric Bomb, but it was 0*9 per cent, 
higher than their greatest with the William Thomson Calorimeter. 


Specific Heats of Gases. — It is important, and in fact neces- 
sary to distinguish between the specific heat of a gas at constant 
pressure and its specific heat at constant volume. 

The specific heat of a gas when kept at constant pressv/re is the 
qwmtity of heat required to raise unit mass thereof one degree in 
temperaiv/re. In this case, the gas is considered in the same way 
as that in which we defined the specific heats of liquids and 
solids. For example, the specific heat of perfectly dry pure air 
under this condition is 0*2377, or approximately *238, at all 
temperatures and pressures. 

The specific heat of a gas when kept at constant volume is ihe 
qaamtity of heat required to raise unit mass thereof one degree in 
temperatwre. Under this condition the specifie^heat of perfectly 
dry pure air is represented by the number 0*1688, or approxi* 
mately 0*17. 

^ *238 

The ratio of these two specific heats for dry air is = 1*4, 

and this ratio is practically the same for the other gases which, 
cannot, be. readily condensed into liquids. It may also be con- 
sidered as approximately true, in regard to both these ways of 


* See different books on Gas and Oil Enmnes. such as Bryan Donkm’s, 
published by Charles Griffin & Co., and JProfdiSor Perry’s Steam, Oas, 
and OW.J^nginea, under “Combustion and Fuel.” Also see “Comparison 
of Dif^snt Types of Calorimeter,” by J. S. 8. Brame and Wallooe A. 

No. 22, vol. xxii., of the Journal if the Sockty;M^<jheimlea^ 


^yNovembw 30, 1903. 
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estimatitig tli0 weoific heate of gases which. oanrUft be rcadUy 
liquefied^ tbat 

(1) The specific heat of a definite gas is the same at all 
temperatures and pressures. 

(2) The specific heats of different gases are inversely as their 
densitieSi when the latter are compared at the same temperature 
and pressure. Or, the thermal capacities of equal volumes of 
different gases are equal at the same temperature and pressure. 

specific Heats of Steam.^ — stated in the footnote to Table 
II., Lecture VII., on the “ Properties of Dry Saturated Steam, 
the specific heat of superheated steam is usually taken at 
Begnauit’s estimate of 0*48. His experiments consisted in 
determining the total heat necessary to raise water from 32* P. 
or 0* 0. to temperatures of about 120* 0., and to 220“ C. under 
the eomtmt pressure of the atmosphere^ then taking the differences 
of these two experiments as being the heat necessary to raise 
water from 120“ 0. to 220“ 0. This involves the assumption 
that steam of 20“ C. (or 36° P.) above the boiling point is in the 
condition of steam gas. Later researches indicate, that the 
specific heat of steam for a small amount of superheat is greater 
than for the higher superheats now adopted with steam engines. 

Experiments are being conducted at present by the Beichs 
Anstalt, Charlottenburg, Berlin, and by the British National 
Physical Laboratory, but their results were not ready for 
publication when this 14th Edition was issued. 

•See M6m, Acad, Sci,, vol. xxvi., pp. 170, 909. Also, Proe, Lit, and 
PhU, Soc, of MaTichestery 1897 ; and MetUific Papers, by Prof. Osborne 
Reynolds, F.R.S., vol. ii., p. 65, on “ Methods of Determining the Dryness 
of Saturated Steam and the Condition of Steam Gas.’* See also Report oj 
the British Association for 1897, P. 554, on ** The Specific Heat of Saturated 
Steam,” by Prof. J. A. Ewing, F.R.S., and Prof. S. Dunkerley. 
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Leotubb IV.— Questions. 

1. What do you mean by the quantity of heat in a body, and how is it 
measured ? 

2. What is the unit of heat adopted in Great Britain? How many units 
of heat are imparted to a cubic foot of water (62*5 lbs.), on raising it from 
60” to 212” F.y also to 1 lb. of copper ? Am, 9,500, and 14*44. 

3. Define and show the dinerenc^ between t^e terms ** capacity for 
heat*’ and ** s^cifio heat” of a substance. Suppose a substance was given 
to you to find its specific heat, how would you conduct the experiment? 
Give an arithmetical example. 

4. If 1 lb. of platinum is plunged into 1 lb. of water at 50” F., and the 
resultant temperature of the water is 112” F., what was the original 
temperature of the platinum ? Ans, 2,025*5® F. 

5. If 2 lbs. of copper at 5U0”F. are plunged into 4 lbs. of water at 
60” F., what will be ^e resulting temperature ? Ans, 80” F. 

6. Define **specific heat.” Deduce a formula for determining the re 
lation between the masses, specific heats, &c., when two substances are 
mixed together. A piece of platinum, weighing 1 lb., is suspended in 
the hot gases of a furnace whose temperature has'to be ascertained. After 
being heated to the temperature of the furnace it is taken out and plunged 
into 2 lbs. of water at 49° F. The resulting temperature of the mixture 
is found to be 100® F. Determine the temperature of the furnace, having 
given specific heat of platinum =0 034. Am .3.100® F. 

7. Sketch and describe the principle and action of Thomson’s coal calori- 
meter. Explain clearly, why the “water equivalent” of each item therein 
which is subjected to heat from the burnt specimen of coal must be 
accounted for if accurate results are to be obtained by this instrument. 
Show how these are arrived at and how the total “water equivalent” is 
computed. 

8. The total “water equivalent” of a Thomson’s coal calorimeter is 10 
lbs., the weight of the coal specimen is 0 01 lb., and the maximum rise in 
temjserature of the water, &c., is 10® F. What is the heat value of the 
specimen in B.T.U. per lb. of coal and in calories per kilogramme? Calcu- 
late how many lbs. oi water every lb. of this coal would convert into steam 
at and from 212® F., if the combustion was perfect 'hnd if all the heat 
therefrom entered the water. 

9. Sketch and describe concisely the construction and action of the 
Rosenhain-Thomson coal calorimeter. If the “ water equivalent” in this 
case be 4 kilogrammes, weight of specimen 2 grammes, apparent rise in 
temperature ot water 3*9® C., and the radiation correction 0*1® C.; what is 
the calorific value of the coal in G.G.S. calories and inB.T.U.? What 
weight of steam would this coal raise at and from 100® C. ? 

10. Define the two ways of reckoning the specific heat of gases. Is the 
specific heat of a gas supposed to be the same at all temperatures and 

S ressures? How (h)es the specific heats of different gases vary with their 
ensities? What do you know about the specific(heats of wet, saturated, 
and superheated steam ? 

11. Sketch and describe Junkers’ calorimeter, and explain how used 
for ascertaining the calorific values of gases, oils, or other oombua|||le8. 

• 12. Explain and give an example of how the calorific valueiS woombus- 
ull^leB^may be obtained from Gieir chemical analysis. 



QUESTIOKS. 


13. How do we detern^e approximately the oalorifio yalne and the 
quantity of air required for the complete combustion of any combustible 
gas of which we know the chemical composition ? What is your notion of 
the construction of a contrivance which would enable us to measure the 
calorific value? A coal contains 84 per cent, of carbon, 6 per cent, of 
hydrogen, 1 per cent, of oxygen. What is its calorific value ? Take the 
calorific value of carbon as 14,500 and of hydrogen 4*28 times that of 
carbon. How much water at 60** F. will 1 lb. of this fuel convert into 
steam at 212* F. ? (S. & A., 1897, Adv.) 

14. Given the following analyses of different samples of coal. Calculate, 
by aid of the formulas in this lecture their respective calorific values in 
calories and B.T.U. ; — 



1 15. What are the ultimate constituents of a steam coal upon which.the 
value of the fuel as a heat-producer depends? Describe the important 
chemical actions which take place during the combustion of coal, and 
obtain an expression for the calorific value of the fuel, and for the amount 
of air required theoretically and in practice for the complete combustion of 
a coal containing given proportions of carbon, hydrogen, and oxygen; 
hence determine how many lbs. of water at 62* F. could be theoretically 
evaporated into steam at 212* F. by the complete combustion of 1 lb. of a 
coal containing 84 per cent, of carbon, 5 per cent, of hydrogen, and 1 per 
cent, of oxygen, and what would be the minimum weight of atmospheric 
air that would be necessary to completely burn each lb. of such a coal? 
(S. & A. , 1897, Hons. ) 

16. A pound of fuel contains : — Carbon, 0*886 lb. ; hydrogen, 0*041 lb. ; 
and oxygen, 0*028 lb. What is its calorific value without deducting for 
the latent heat of the steam produced? If, in a perfect boiler the gaseous 

P roducts wei^h 12 lbs., their average specific heat being 0*238, and the 
oiler steam is at JWrl* F. while the boiler-room is at 60* F., what per- 
centage of the whole heat is necessarily carried away ? If the feed is at 
60* F., how many lbs. of steam would be produced by a perfect boiler? If 
a common boiler at the same pressure produces 9 lbs. of steam per lb. of 
fuel, what is its efficiency? (B. of E., 1898, H., Fart i.) 

l7. In a boiler trial, a continuous collection is made of samples of the 
furnace gases as they leave the boiler, and a volumetric analysis of the 
samples collected gives the following figures : — OO 2 = 10*35 per cent. ; 
0 = 8*10 per cent. ; N = 81*55 per cent. The coal used during the 
trial has 87*3 per cent, of carbon, 3*7 per cent, of hydrogen, 1*4 per 
cent, of oxygen, 2*3 per cent, of nitrogen, and the rest is ash. Find 
how many pounds of j®r have been admitted to the furnace per 
pound of coal burnt. Also find, given that the air temperature during 
HR temperature of the escaping furnace gases 

^-Wfe-loss in thermal units in the waste gases per pound of coal 
asvoiflo of 00b = 0-217, of 0 = 0-218, and of N = 0-244., 
(0. *a.,1901,H.. SeotB.) . 
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LECTURE V. 

Contents. — Transfer or Diffusion of Heat — Radiation — Conduction;— 
Convection — The Ebullition and Circulation of Water in Steam 
Boilers - Questions. 

Transfer or Diffusion of Heat — ^It was explained in the last 
lecture, that equality of temperature between two bodies exists, 
when there is no tendency to a transfer of heat from either to 
the other. We saw also that, when their temperatures differed 
in the slightest degree, there is a tendency to an equality of 
temperature, by a transfer of heat from the hotter to the colder, 
and that this tendency is greater, the greater the difference of 
temperature between the bodies. 

Bankine states that the rate at which the transfer of heat takes 
place between two bodies, at unequal temperatures, depends — 

<< TwbU On the tendency to transfer heat, increasing as some 
function of the two temperatures and their difference 

“ SeeoTidly. On the areas of those parts of the surfaces of the 
bodies through which the transfer of heat takes place. In most 
of the cases which occur in practice, those areas are equal, and 
then the rate of transfer of heat is directly proportional to their 
common extent. 

“ Thirdly. On the nature of the material of each of the bodies, 
and the condition of their surfaces. 

On the nature and thickness of the intervening 
substances, if any. Increase of that thickness diminishes the 
rate of transfer of heat. 

The transfer of heat takes place by thre;p processes, called 
respectively, conducUm^ and convection. 

Illation of heat takes place between bodies at all distances 
apart, in the same manner and according to the same laws with 
the radiation of light.” * 

Badiation. — ^To illustrate the radiation of heat from one body 
to another, take a common poker, heat it to redness in the fire, 
and hold one hand a few inches from the heated end, as shown 
Jn the figure. 

hand experiences the sensation called heat, owing to the 
; tru^er of the same in straight lines from the hot poker, as it 
. ;were by racUal vibrating rays of heat energy, 

* From Bankine on The Steam Engine^ p, 267* 
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Another common, 6ut interesting illustration, is that of 
making a eont^x lens of ice, by pressing a heated odnoave 
scale-pan of a balance on a block of ice, and holding this lens 
between the sun and your coat at the proper distance, so as to 



focus the heat rays on the same. The lens of ice as well as the 
air will be scarcely affected by the heat rays passing through 
them, while the coat will soon be burned. 

An even still more interesting and striking experiment, due 
to Professor l^ndall, is that of focussing the heat rays from the 
sun or a strong electric arc light on the interior of a block of ica 



The heat rays pass through the mass of ice without apparently 
affecting it, except at the point where they meet ; here the ice 
very soon becomes melted. 

The phenomenon of radiation consists, therefore, in the tians* 
mission of energy ^m one body to another by propagation 
through the intervening medium, in such a way that the progress 
of the radiation may be traced, after it has left the first body 
and before it reaeh^ the second, travelling with a certain velocity 
and leaving the memum beh^d it in the condition in which it 
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all of the same thickness and superficial area, and subject (hem 
all on the one side to a certain temperature, and on the otlv^r 
side to the same number of degrees more or less. 

Definition. — The thermal conduetivity of a body at temper' 

alwre is the mmher of vmite of heat which pass, per wnU of wme^ 
per vmt of swrface, through cm infinite plate (or h/yer) of the 
auhatamcef of unit thieknese, when its sides are kept at tem^atures 
respectively half a degree above and half a degree below that 
temperalare (Tait). ^ 

Although the above definition is perfect, in as &r as it lays 
down theoretically a thoroughly systematic way in' which the 
relative conducting powers of different substances may be 
compared, it is found practically impossible to realise experi- 
mentally such simple conditions. 

The methods chiefiy employed for measuring thermal con- 
ductivity depend ultimately upon observations of the temperature 
of the body at different parts of its mass. 

The temperature effects of a given quantity of heat are 
inversely as the capacity for heat of the body; hence, what is 
directly deduced from such experiments is not the thermal 
conductivity as just defined, but its ratio to the capacity for heat 
of the body.* Thus, these experiments require in addition, the 
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detenainatioii of the specific gx^^ity and of the specific heat of 
the hody« , . ^ ^ 

Principal Porbes* well-known e^eriments on the conductivity 
of iron^!^ are the most trustworthy, and will illustrate what has 
been written and show the student how experiments might be 
carried out on other metals. 

A long bar, IB (in Forbes* experiment, 8 feet by IJ inch 
square), Exed on non-conducting or insulating supports, IS, has 
one end inserted into a pot of melted lead, M L, or solder, kept at 
a constant temperature by the Argand gas burner, G B. The bar 
has small holes drilled in it, into which the bulbs of the various 
accurate thermometers, are introduced, a little 

mercury being poured into the holes so as to form good contact 
between the bulbs of the thermometers and the bar. The bar is 
first brought to a uniform temperature, by being left in the 
laboratory all night without the application of heat. The end is 
then inserted into the bath of melted lead, and the rise in 
temperature noted by each of the thermometers, those nearest 
to the bath beginning to rise first, and then the next, and so on 
to the last, until finally each of them arrives at a fixed temper- 
ature, with a gradual &11 between each, graphically represented 
in the figure by the length of the thermometer stems. The 
quantity of heat which now passes per minute across any 
particular transverse section of the bar is constant, and is equal 
to the product of the cross area, the conductivity, and the &11 of 
temperature at that section. Hence, the quantity of heat passing 
is expressed by a definite multiple of the unknown conductivity. 
But that heat does not raise the temperature of the bar beyond 
the section in question, for the temperature has become 
stationary, owing to just as much heat passing into the air by 
cooling as flows into the bar from the leaden bath. To find this 
rate of cooling, a ^hort bar of the same cross-section and material 
as the long one, with a thermometer stuck into it, is highly 
heated and allowed to cool, the rate of cooling being noted by 
taking frequent readings.ai eafoctly equal intervals of time — say 
every half-minute. The heat lost per minute per unit of length, 
at each temperature, within the range employed, is thus ob- 
tained, and a calculation made of what the long bar lost at any 
particular cross-section. 

Principal Forbes found by his elEperiments that the cpnduc- 
tivity of iron for hi^t, like its conductivity for electricity, 
dimmish^ with a rise of temperature. This similar effect on 
the two forms of energy, heat and electricity, does not appear 


*lPran $0 Boy, Soe, 1861-2L 
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however to be common to the other metals experimented upon 
by Professor Tait ; but, as he remarks, “the whole subject, as 
far as experimental details are concerned, is still in a very crude 
state.” 

The value of h in the following expression gives the therrml 
cmductiviPy of a substance at a given temperature in accordance 
with the definition : — 

q = Aa'^^.T, 

• 

\^here Q denotes the Quantity of heat that flows in time, T. 

A „ „ Gross area, or the area of each of the 

opposite faces of the plate. 

X „ „ Thickness of the substance. 

It i» Temperatures on each side of the plate. 

From which we see, as has been already remarked, that the 
quantity of heat which flows by conduction through any sub- 
stance is directly proportional to the area, and to the difference 
of temperature between its faces, and inversely proportional to 
the thickness. 

In most experiments the value of the thsrrml conductivity 
constant, is given in accordance with the centimetre, gramme, 
second, or O.G.S. system of units, and not in the more familiar 
English foot-pound-minute system. The engineering student 
will find the following table, taken from the best source — viz., 
Sir William Thomson’s article on “Heat” in the Encychpoedia 
Britamdca, 1880 (where the values for the constants, c, and 
k 

— , are all in O.G.S. units), of considerable interest. From these 

results, we see that the thermal conductivity of copper is 600 
times that of water, and 20,000 times that of air, while iron is 80 
times that of water, and 3,500 times that of air. These are 
important facts to bear in memory, for it shows us that the 
transmission of heat frpm the radiant burning coal or charcoal 
in our furnaces or domestic fire-places on one side of a boiler- 
plate, kettle,* or frying-pan, to hot water, steam, or melted fat on 

♦The late Mr. Foulis, M.Inst.O.B., General Manager of The Glasgow 
Corporation Gas Works, has found, in connection with his numerous expm- 
ments on water-heating apparatus for houses and railway carriages worked 
by gas flames, that thin cast-iron transmits heat more rapidly and effectually 
to water than copper or other smooth metals U the same thickna^s and 
area. This is probably due to the numerous small rough poinylo;a the 
surface of the cast-iron next to the water taking up the heat vibra^^ and 
communicating them to the liquid more thorou&ly than the much 
^futface of copper or wrought-irou--4./. 
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DlFFUSlViniilS (TeKBMAL» MATBBULi aw Sleotbio). 



Thermal 

SubBtanee. 

Gk>nduotiTiey. 




the other side, goes on as if the thermal conductivity of the metal 
were infinite, or, in other words, the resistance to the transmis- 
sion of heat through the metal, is as nothing compared to the 
resistance which it meets with &om the liquid or gas. 

It is important that the engineer should appreciate the relative 
conducting powers of the different metals that he has to deal 
with. For instance, the fire-box of a locomotive is made of 
copper in preference to iron, partly on account of its greater 
conductivity and partly on account of its withstanding the de- 
structive action of the fire. Mild steel is, however, now being 
largely used. Has any one yet tried the relative conductivities 
of the two 1 * Again, the outside of boilers and cylinders are 
carefully lagged with some bad conducting substance, so that as 
•little heat as possible may escape therefrom. The following table 
gives roughly the relative conducting powers of a few of the 
more common metals : — 


Substance. 
Copper, 
Brass, . 


Zinc, • • 

Iron, 

Qerman Silver, 
Water, , . • 


Belattye Oonduotivlty. 


100 

30 

30 

16 



10 

0-2 


* I l^nnahle to find a £ood and reliable table of the oonducting powers 
of most of the metals. This subject requires to be taken up and ezperi*. 
mented upon. — A. J, 
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As it is frequently of importance io engineere to know the 
relative conducting powers of bad conductors for jpurposes of 
lagging boilers, steam pipes, and cylinders, we extract the 
following table, taken from The Froceediriga of the FhUosi^hieal 
Society of Gla8g<m for 1884, by J. J. Ooleman, F.O.S. (the inven- 
tor of the well-known Bell-Ooleman freezing machine). The 
experiments are the latest, and were carried out with great care' 
by means of a modification of the Lavoisier Calorimeter : — 

Relative Conduotino Powebs fob Heat. 


Silicate cotton, 

. 100 Charcoal, 

. 140 

Hair felt, . 

. 117 Sawdust, 

. 163 

Cotton wool, 

. 122 Gas-works breeze. 

. 230 

Sheep’s wool, 

. 136 Wood and air space,* . 

. 280 

Infusorial earth, . 

. 136 



Convection. — When the application of heat to a fluid causes it 
to expand or to contract, it is thereby rendered rarer or denser 
than the neighbouring parts of the fluid ; and if the fluid is at 
the same time acted on by gravity, it 
tends to form an upward or downward 
current of the heated fluid \ this is ac- 
companied with a current from the 
more remote parts of the fluid in the 
opposite direction. This action is 
rendered very apparent by the follow- 
ing simple experiment : — 

Take a flask partially filled with 
water, mix a few grains of bran with 
it, and apply a lighted spirit-lamp to 
the bottom of the flask. In a few 
minutes the water will be seen to 
circulate in the direction shown by 
the arrows in figures- The water nearest^ 
the flame is rendered lighter, and, there- 
fore, rises upwards, while the denser 
water falls under the action of gravity, 
to be in turn heated and raised. The 
actual transfer of heat throughout the 
water takes place by conduction, but the diffusion is much 
assisted by the motion of the fluid, or convection currents, as 
they are termed. 

^ * Wood and air space, although the best hdibt conductor in the list, is 

oiEteii UBtd as a non-conductor lagging for boilers, jco., on account of its 
eheapnats and ease of application, but it is not a safe laggingilor marine 
' it hat been known to takqflre, e.p., in the aa 

^ one bf.tbe Hastem Telegraph Company’s calde repuring steah^^m Which 
4 (^e fri^uently aailedas chief etectndan. . Charcoal, if thick, * 
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- The foUowlhg ^eiperiiiaent is also very instru^ye: — ^Take a 
test tube filled ilnjdi water (left handi Fig. A), and apply a spirit 



lamp near the surface of the water. You may hold it there for 
ten minutes or more, and the water at the bottom of the tube is 
scarcely perceptibly warmer than at first. Now apply the lamp 
to the bottom of the tube (right hand, Fig. B) ; in a few minutes 
the water begins to boil. Why this difierence ? The convection 
currents set up, have assisted the naturally bad conducting 
power of the water by bringing, in turn, every portion of it into 
close proximity with the source of heat (see Fig., p. 70). 

It is for the reasons just mentioned, that the fire-place in a boiler 
is placed near the bottom instead of near the surface of the water, 
and it is of great moment not only to give a free and easy path for 
convection currents in boilers, but to stimulate them by such appli- 
ances as hydro-kineters. The better the circulation of the water in 
a boiler, the more rapidly will it be heated and the steam generated. 
•In many boilers (siAh as those used on board steamers) th^e internal 
construction is so mixed up with tubes and stays, that the water 
has great difficulty in passing from out-of-the-way comers to 
the more highly heated parts over the fiues ; and, if circulation 
is not assisted, the convection currents short circuit,” as it were 
(to use an electrical term), and thus leave the more remote por- 
tions in comparative chill. For a similar purpose, large boiler 
flues are provided with baffiing plates,” to compel the hot gases 

is not snitable for boiler las^g, for in the B.a ** VoUa” belonging to the 
same Company, a temperatiire of about 180° F. was observed on the suicftos 
when ooaM to that depth. This lagging was removed, but it might have 
done veiy well if put on thicker, say 3*'. Leadbetter & Company's self- 
setting njuoconduotmg composition, which looks very much like soft chalk, ^ 
is said to ao veiy wri^ and nas this advantage, that it can be laid on while 
we boiler is cold. Silicate cotton idthough mo best non-condnotor or hoat^ 
insnUtor in the list, is dear and friable.— 
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to take a circuitous course, in order that eddies may be formed, 
and for the further object of promoting a better mixture of air 
with the inflammable gases. '' 

The art of promoting a good draught in a furnace, or of 
Ijroperly ventilating a building or a ship, depends upon pro- 
ihoting and guiding the convection currents in the proper 
direction, avoiding sharp bends and contractions. «The draught 
produced by a chimney depends directly upon the difference of 
the weights of the columns of*air (of the cross section and height 
of chimney), which descend to feed the fires and rise through the 
chimney. Hence the draught depends upon the height and the 
cross-sectional area of chimney, or difference of temperature 
between the gases at the bottom and top of chimney. 



Cross Section through the Combined Oval Flue or the Galloway 
Boiler, showing the Supposed Circulation of the Water nnw 
to the Conical Tubjis, 


i The Ebullition and Circulation of Water in Water-Tube Steam 

Boilers.— The following eleven figures will give students a 
verj good idea of the circulation of water through the tubes 
and evolution of a water>tube boiler. These figures are tahen 
from a lecture delivered at Cornell Fi^n’ersity by Mr. Ceorge 
'H. ,Bab^o<^^-'with the kind permission of Messrs. Babcock <fe 
Wilooxt , , 


fiVOtUTIQN OF ClIlCULA.TtOH IH WATEIl-TUBJil BQtLEKS. 





INCBBASBD AMO ImCLIMBD HsATIKO 
SUfiVAOB OaOSBS SxiUi BbTTSB OlBOOLATlOM. 


Disadvantages ov Labge Optakb 
Br PBBiuixiKO Oqniba-Down Oubbknxs* 






Now, after studying these eleven figures, the student should, 
refer to the folding-plate and sections of the Babcock- Wilcox 
Boilers in Lecture XXVIIT., where he will see the stage at 
present reached by the foregoing evolution or tleveloiJinent of 
circulating water in tubular boilers. 


LjiCTCKE V. — Questions, 

1* What is meant by capacity for heat or thermal capacity? The specific 
heat of m^rcuiy being *033, how much, at tlie temperature of 240® F., will 
bo sufficient to laise 12 lbs. of water from 50® to 58® F. ? Ani^. 15*98. 

2. What will bo the relative capacities for heat of the same volumes of 
air, carbonic oxide, steam, and hydrogen at the same pressures if their 
densities are as 14*4, 14, 7, and 1 respectively? (Piovo answer by arith- 
metic.) An 9 . All equal, because the capacity for heat of equal volumes is 
inversely as the donsit3’. 

3. What do you mean by conduction and convection, as applied to heat? 

4. Describe an experiment by which you would show that water is an 
extremely bad conductor of heat. For what reason slu uld heat be applied 
from below when it is required to heat a largo mass of water rapidly ? 

5. What is the object of facilitating the circulation of water in boilers ? 
State and illustrate two ways by which the circulation of the water in a 
boiler increases the efiicioncy or ratio of heat in steam to heat applied to 
heating surfaces 

6. What is the effect on the circulation of the water by having horizontal 
tubes stopped at one end, or return bends opposite the tubes i^n the water- 
ing boiler? Also, why is it necessary to guard against having the uptake 
too large at the upper end of the tubes in a water-tube boiler ? 

7. Trace the evolution of the water-tube boiler by neatly-drawn sketches 

and eoncise descriptions of each. ^ ( 

8. draught is produced by a chimney, upon what things does the 
im^gnitude of the drau^t depend? In order to approximate to the tern- 
peratui'c of the gases at the base of a chimney, a mass of iron weighing 
8 11^ was )^ood in them, and after remaining a considerable time was 
Ttooved and submerged in 100 lbs. of water at 60® F., when it was found 
th?j> tlie teinperatnre of the water was raised to 65® F. Find the tempera- 
ture of the gases, havinggiven that the specific heat of iron is one-nmth. 
<0. Cb, 1903, 0., Seot-Xl) 
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Contents.— Nature of Heat — Heat is not a Substance— Rumford, Daivy, 
juid Joule’s Experiments— Conversion of Work into Heat— First Law 
of Thermo-dynamics— Joule’s Mechanical Equivalent of Heat— Latest 
Equivalents for the B.T.U.— Questfons. 

Until the end of last century, two rival theories had been en- 
tertained regarding the nature of heat. One, that heat consisted 
of a subtle elastic fluid, termed caloric, penetrating through the 
pores or interstices of matter, like water in a sponge ; the other, 
that it was an internal commotion among the particles or mole- 
cules of matter. 

The former of these theories, or hypotheses, that heat is matter, 
called the “materialistic doctrine of heat,” taught by Professor 
Black of Glasgow University and others, was most conclusively 
overthrown by the celebrated experiments of Count Bumford 
and Davy. It is very remarkable, however, that fifty years 
elapsed before scientific men generally became converted to the 
conclusions to be drawn from them. It was not until Joule, during 
the period extending from 1840 to 1849, had supplied several 
fresh proofs that heat is not a material substance, but one form 
of energy, which may be applied to, or taken from bodies in 
various ways, and that the amount of energy, in whatever form 
applied or removed, may be estimated in mechanical units of 
work or foot-pounds, that what is no>v known as the 
theory of heat^ became generally accepted, and the science of 
thermo-dynamics placed on a firm basis. 

* Count Bumford’s experiments on the production of heat by 
friction, were carried out in- the following manner, and com- 
municated to the Boyal Society in 1798 

In casting guns it was usual to leave a projecting cylindrical 
“head” of metal at the muzzle, so as to insure sound metal in 
the gun. The guns were cast in a vertical position with the 
muzzle end upwards, very much in the same way as large water 
or gas pipes are now made. The effect of adding the “ head ” to 
the caetihg, Mng to add pressure to the fluid metal in the lower 
parts, thuff expelling aii^and gases towards the surj^, and into 
the “h^,” which was cut off before boring out the gun. . J i 

^ Bumferd obtidned a casting for a six-pounder brass gui^ .&olU ^ 
the miUtiuEy arse^ at Municlu mod 8hi^unded^;t^^ 
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by a wooden trough, WT, containing about 18 lbs. of 
water, W, at 60* Fah. The machinery which rotated the gun, G, 
was driven by two powerful horses. A blunt boring tool, 
B T| which was made of steel, 3*5 inches diameter, was forced 



W.T. 

Count Bumfobb’s Exfbbihent. 


G fop Gun, W T for Wooden trough. 

N „ Neck. W „ Water. 

H „ Head. T „ Thermometer. 

BT „ Boring tooL 

against the head, H. This boring tool was held firmly in a 
rest, and pressed forward by means of a screw with an estimated 
pressure of 10,000 lbs. The result of this experiment was that, 
the heat generated by the friction between the blunt boring tool 
and the metal of the head, was partly conducted through the 
neck connecting the head with the gun, and partly absorbed by 
the water in the trough, so that the temperature of the water 
rose at the end of an hour to 107* F., in an hour and a-hidf to 
142* F., in two hours to 178* F., and, finally, at the end of two 
and a-half hours the water boiled. ' Count Rumford said — “ It 
would be difficult to .describe the surprise and astonishment 
expressed in the countenances of the by-standers on seeing so 
large a quantity of water heated, and actually made to boil with- 
out any fire ! ” He adds — “ By meditating on the results of these • 
experiments, we are naturally brought to that great question 
which has so often been the subject of speculation, namely — 
What is heat? Is there any such thing as an igneous fiuid ? Is 
. there anything that, with propriety, cWi be qalled caloric?” 
And, further — **It is hardly necessary to add that anything which 
an insulated body or system of bodies can continue to furnish 
* without limitatipn, cannot possibly be a material substance; and 
4t appears to sue to be extr^ely difficult, if not impossible, to 
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form any distinct ^6a of anything capable of being excited, and 
communicated in the manner heat was" excited, and commi^i- 
cated in these experiments except it be motion.” 

Davy’s experiment on the melting of ice by friction, announced 
by him in 1799, in his first published work, entitled — An Essay on 
Heat^ Lights amd Combinations of Ligkt^ was regarded at the time 
as a complete refutation of the materialistic doctrine of heat. , 



Sir Humfhrbt Dayt’s Ezfebimxnt. 

In an atmosphere at a temperature of 29* F., he rubbed 
together two small slabs of ice with the result (as shown in the 
fig.) that the ice was melted at the surfaces of contact, producing 
water at a temperature of 36® F. Now, as we saw in Lecture IV., 
a mass of water contains an absolute quantity of heat greater 
than an equal mass of ice, and it is, therefore, impossible to 
account for the presence of the increased temperature on the 
assumption that heat is a material substance. Davy said — The 
immediate cause of the phenomenon of heat is motion, and the 
laws of its communication are precisely the same as the com> 
munication of the laws of motion.” 

^ Maxwell, in his Theory of Heat^ p. 306, says — “The molecules 
of all bodies are in a state of continual agitation. The hotter the 
body is, the more violently are its molecules agitated.” 

Joule’s experiments, carried out between 1840 and 1849, re- 
called the attention of scientists to Rumfdrd and Davy’s doctrine 
regarding the nature of heat, and gave us the means of estimating 
with exactness the quantity of work required to generate a certain 
quantity of heat. 

We shall describe only two of Dr. Joule’s fiimous experiments, 
and for a complete list of them we refer the student to Sir 
William Thomson’s afticle on ^‘Heat,” in The Enoydopcsdia 
Britann^^ 1880, p. 34. 

Dr. Joule JUled a copper tube with a fusible metal or alloy, 
FH (such^as t^t used by the printers in making stereotype^ 
castings of ty]^)i, wliioh fuses at a low tem|»erature, and 


i^toWed tlto tube rapidly between the pole^ N, .3, ,hf 
ele<%o*majmet; E M, The result of this was that the^ teinper- 
aturo of the idloy rose in a few minutes to the imelting pointy 
ahd the allby could be poured from the copper tuba ^W'hat 
agency was at work to fuse the metali There was no Motion 
between the revolving tube and any other part of the mechanism, 
for the tube rotated quite clear of the poles in the space 
between them; neither was it due to any friction from the 
spindle carrying the copper ttibe, for, if the battery or dynamo 
was disconnected (and thus no magnetism evoked]) the tube 
might be revolved at the same speed as before, without any 
observable rise in temperature in the alloy. One circumstance 
was, however, made very apparent, viz., that it required much 
less effort to revolve the tube in the latter case than in the 
former, and herein lies the key to the whole secret.* A certain 
proportion of the power devoted to revolving the tube between 
the magnetised poles is expended in creating electric currents 
in the copper tube, and in the metal contained therein. These 
currents agitate and vibrate the molecules of the metal so very 
rapidly amongst themselves, that heat results from the forces at 
work overcoming the inter-molecular friction. 

To prove that electric currents are so generated, we have only 
to cite the case of the now well-known Dynamo, where the copper 



. * This experiment is shown to my class 
by means of the small dynamo belonging to 
the College of Science and Arts driven %y one 
or two students. . The difference in the effort 
required by them to drive the dynamo, or to 
revolve the metal tube in the two oases, is thus 
brought home to them in a manner quite un* 
attainable by any mere description or diagram. 


Index. 

B for Battery or dynami 
£ M , Electro-magnets. 

N, „ NoHh and south poles. 

F h ,, Fusible metal in a copper tube 
P , Pulley. 

Turn wheel 
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wires 

jtel mi^etie p4^ti^fii^e J?t^ m them; ahdtb 

shpv ttot iiuch ciri'ents are capahte of produping heat, we We 
oxdy to pass them through a tmn metal wire or an incandefiKseht 
lWp> with the result that the wire is heated to a white heal^ or 
eyen fiised, and the carbon filament made to glow with a brilliant 
incandescence. 

We have in this experiment of Dr. Joule’s a beautiful 
example of the double conversion of energy, viz., (1) mechanical 
energy into electrical energy, and (2) electrical energy into heat 
energy. 

Joule’s favourite experiment was the conversion of work into 
heat by ‘the stirring of water. He arranged his apparatus in a 
manner similar to that shown in the figure. 

A known weight, W, was allowed to fall through a ^own 
height, 1^ doing so to revolve vanes or paddles, B Y\ inside 



JOUXiB’S Watbr-stirbino exfbbimbnt. 


V S I6r Vertical scale in feet. 
W , „ Weight 

) or twinSf 
» pnlley. 

Hi 

8 jM^dii 



C 0 for Copper cylinder. 

T „ Thermometer. 

EV „ Revolving vanes or paddles 
(8 sets). 

FP „ Fixed plates (4 sets). 

DP M Disoonnecting pin. 
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a copper cylinder, 0 0, containing a known weight of water; 
thus churning the water against the fixed plates or stationary 
screens, FP, The effect of this churning was to raise the 
temperature of the water, by imparting to it a certain quantity 
of heat, depending on the product of the weight into the space 
through which it fell, or the foot-pounds of work expended. 
We need not enter into the many details of Dr. Joule's 
carefully conducted experiments, whereby he eliminated from 
his results the effect of friction in the guide pulley, G P, as 
well as the effects of radiation and conduction of heat to or from 
the apparatus during the time of the experiment, (kc. It will 
suffice to give his final result and an example. 

The British Association in 1870 requested Joule to reinvesti- 
gate the subject for the purpose of giving greater accuracy to the 
determinations by his fiuid friction method, with the final result 
of proving that 772*43 fooirpounds {at tlm latitude of Mamheater) 
me equal to the quantity of heat required to wa/rm from 60® to 
Fah a pound of waJter weighed in vacu/am. This has been termed 
“Joule's Mechanical Equivalent of Heat,” or, shortly, “Joule's 
Equivalent,” and is denoted by the letter, J, and in round 
numbers we say, 1 British thermal wnii = 772 Reduced 

to the centimetre gramme second or (O.G.S.^ system, it is 
equivalent to about 42 million “ergs” or units of work for 
one gramme of water raised in temperature from 0® to I"* 0. 

For instance, suppose that, with Joule’s apparatus we had a 
weight of 77*2 lbs., and allowed it to fall through a height of 
10 feet, and in doing so, the mechanical work (772 fb.-lbs) would 
be converted into heat by churning 1 lb. of water at 60^ F., we 
should find (if all extraneous losses were avoided) that the water 
had risen in temperature to 61** F., when the weight passed the 
10th foot ; or, if we take 1 lb. of water at 60* F., and raise its 
temperature 1“ F,, by any method whatever, the quantity of heat 
imparted to it (viz., 1 thermal unit), if converged into mechanical 
energy by a perfect heat engine, would perform 772 fb.-lbs. of 
work, or raise 772 Ibs.^ 1 foot (see foot-note to next page). 

First Law of Thermo-dynamics. — Heat and work are mutually 
eonvertihle^ tmd Joulds equivalent is the rate of exchange. 

The importance of this mutual relation between heat and looriE;, cannot be 
too strongly impressed on the student at the very outset of his studying 
steam and the steam engine. In this lecture it has been shown, that the 
expenditure of so many units of work produces under the circumstances 
noted, an exact and unvarying equivalent of so many units cfheaJt; and we 
shall see in future lectures, how the expendituA of so many units qf 
produces an equivalent in units of uork 

A familiar iUustration of the foregoing principle of the mutual Converti- 
bility of heat and work is that of the Locomotive Eng^e. In the furnace 
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we have the pwdixetion of hmt, by the oombostion of eoal» A' proj^rtion 
of this heat is imparted to the water in the boiler thus raisii^ steam. The 
stefun on beine awitted to the cylinders mrts^ with a portion of its heat 
in l^e act of £>mg thb work of jjropdling the pistons, and thus moving the 
trmh. Again, when the train is ntaring a station the steam is shut off, 
and the brakes applied. Then the stored work is converted into heat, 
which may be observed by sparks issuing at the brakes and by feeling the 
increased temperature of the brakes, wheels, and rails. 

Example 1.— Suppose a locomotive bums 6 lbs. of coal per horse-power 
hour, and that every pound of coal burned in the furnace gives up to the 
water in the boiler 10,000 British units of heat, we have— 

^ 6 lbs. X 10,000 u = 60,000 units of heat per H.P. hour. 

But— 1 H.P. =5 33,000 ft. lbs. per minute, or 

» 33,000 X 6(K = 1; 980,000 ft. -lbs. per hour 

And— 772 ft.-lb8. = 1 unit of heat. * 

1 * 980 000 

. *. * — * 2567*2 units of heat converted into work every hour. 

Consequently— 60,000 w : 2567*2 u : : 100 : as =4'27, 

Or the locomotive only converts 4*27 per cent, of the total heat generated 
in the furnace into its equivalent of work in the cylinder. 

Example II. — Suppose that the energy of the train when the brakes are 
put on is equal to 16; 500,000 ft. -lbs. 

Then, 16; 500,000 -f- 772 = 21,373 units of heat, or an amount of heat is 
generated at the brakes, wheels, and rails, &;o., which would raise 213*73 
lbs. of water 100® F. 

Note,-— We thus see from these two examples that the transformation 
from work into heat is more easy and complete than from heat into w0k*k. 


*Prof. Reynolds, M.Inst.C.E., P.R.S., in his recent and careful experi- 
ments with “Froude’s Water Dynamometer ” (see the author’s Text-Book 
on Applied Mechanics and MechanicaZ Bhigineerinut vol. i., 4th and later 
editions) at the Engineering Laboratory, Owens College, Manchester, 
found that 777 ft. -lbs. of work were equivalent to one Britieh Thermal 
Unit, Profs. Rowland, Griffith, and Schuster have, however, ascertained 
that the mean of their and other experiments gave the number 778 
ft.-lbs. = 1 B.T.U. 

* 1 am loth to chanfio all the 772 values in this book, until an Inter- 
national Congress of Engineers” authorise a standard value for this 
important quantity. 
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IiKOTUBB VI.— QirisnoNs. 


L Give free-hand aketohes with index of parts, and a description in ytm 
9wn words of Ruxnford’s, Davy’s, and Joule’s experiments. 

2. State in your own words what you consider heat to be, and give 
Joule’s mechamoid equivalent for one British thermal unit 

3. How has the work done in raisii^ the temperature of a pound of water 
through one degree been asoertmned ! A pound of coal gives out during 
combustion, 12,000 units of heat ; how much work in foot-pounds could be 
done per pound of coal burned, if there were no waste? Ans, 9,264,000 ft.-lb8. 


the fhmace of a boiler gives out IS^ 000 units of heat. It is found that a 
good compound engine and boiler requires 2 lbs. of coal per hour per 
mdicated horse-power. What is the efficiency of the combined boiler and 
engine? Ans, 9*86 per cent. 

5. Give another illustration of the first law of thermo-dynamics than that 
in the lecture, and work out an arithmetical example, and thus show that 
the transformation from mechanical work into heat is much more complete 
and efBcient than from heat into work. 

6. Define a unit of heat. A steam engine indicates 25 H.P., how many 
unite of heat does it convert into useful work per minute? Ans, 1,068*65. 

7. The following data are obtained during a gas engine trial : — LH.P. 
s= 42*6. Gas used per hour = 815 cubic feet. Cooling water used per 
hour =a 320 gallons. Inlet temperature of jacket water = 61*5® F. Ouflet 
temperature of jacket water = 125*7’’ F. Calorific value of 1 cubic foot of 
gas = 636 B.T.U. Make out as far as you can a heat account for this 
engine. (C. & G., 1900, H., Sec. B.) 

8. A man, working 8 hours a day for 300 days in the year, does work at 
the rate of one-tenth of a horse-power. One lb. of coal, having a oedorifio 
value of 15,000 thermal unite, is burnt in a boiler having an efficiency of 70 
per cent., which supplies steam to an engine having an efficiency of 15 per 
cent. Find how many years the man will have to work in order to 
give out as much useful work as 1 ton of coal used in the above plant. 
(C. & G., 1902, 0., Sec. 0.) 

9. An oil engine of 2} horse-power drives a motor oar at a speed of 15 
miles an hour. If the efficiency of the engine is 10 per cent., and the 
calorific value of the oil 20,000 thermal units, how much oil is consumed in 
a run of 100 miles? (C. & G., 1903, 0., Sect. C.) 
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OoirrBNTS;— Sensible and latent Heats of Water and Steam— Temperature 
and Tressure of Steam — Regnault’s Experiments — Tables I. and XI. bn 
Properties of Steam — Explanations of Sensible and Latent Heats, 
•>-7-Mercurial Pressure and Vacuum Gauges — Bourdon’s Pressure, and 
Vacuum Gauges— Schaffer’s Pressure Gauge and Thalpotasimeter— 
Questions. 

Sensible and Latent Heats of W&ter and Steam.— Hitherto we 
have dealt with heat when imparted to or abstracted from bodies 
as indicated by a rise or fall of temperature in the body. It has 
been customary to call this condition aendhle heat; but there are 
exceptional cases in which temperature does not vary in a mass 
of matter when heat is communicated to it, from, or taken from 
it, to, external matter. For instance, when the body is ice at the 
melting point, heat communicated to it does not raise its tem- 
perature above 32® F., or, if the body be water at the boiling 
point in the open air, heat slowly communicated to it, in how- 
ever great a quantity, does not raise its temperature above 
212** F., at the normal pressure of the atmosphere. This heat is 
termed lament heat 

A short account of Professor Black’s well-known experiments 
carried out about 1762, will serve to illustrate the difference 
between what is termed the sensible ” and the latent” heat of 
a substance. 



‘ Black’s Experiment on Latent Heat op Water. 


Black procured two glass flasks, in one of which he placed 
5 pzs. of ice at 32® F.«* and in the other 5 ozs. of water at the same 

® The ice bejs^ing to melt, and his estimate of the temperature e/t 
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temperature. He suspended them within , a short distance of 
each other in a room which remained at a uniform temperature 
of about 47® F. He observed that in one half-hour the water 
increased in temperature by 7® F., but that it took twenty half- 
hours for the whole of the ice in the other flask just to become 
’ melted, and he reasoned thus — ^that from the time required the 
amount of heat which had entered the ice must have been twenty 
times as much as that which entered the water. He, therefore, 
computed that the latent heat of water must be 7 x 20 (half- 
hours) = 140. 

Another experiment of Black's was that of placing a lump of 
ice in an equal weight of water at 176° F., with the result that 
when the whole of the ice had melted, the temperature was no 
greater than that of water just ready to freeze. Therefore, 
assuming the final temperature of the mixture to have been 
33® F., we have 176 - 33 = 143, as the amount of heat required to‘ 
melt the ice, or the latent heat of water. 

In this estimate he was very near the truth; for, even at the 
present day the mean results of some of the best experimenters 
appears to be, that 143 British thermal units of heat are absorbed, 
or become latent, in the conversion of 1 lb. of ice into water at 
the same temperature; and, consequently 143 B.T.U., are given 
out or let free in the conversion of 1 lb. of water at 32* F., into 
ice at the same temperature.* 


T 


Black’s Experiment on the Latent Heat or Steam. 

Black’s third experiment consisted in placing a flat tin dish on 
a hot plate over a Are; into this plate he put a small quantity of 
water at 50^ F., and observed that after 4 minutes the water 

* The ^latent heat of water by the Centigrade scale is 79*4 for ^ &■ 

79*4, say 79 units of heat required to convert 1 lb. of ice at 0*O«, in^ 1 
* of water at the same tem|^atur^ 
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began to boil, and in 20 minuter more it had all evaporated. 
Now, since the water increwed by (212'* - 60®)=? 162* in 4 
minutes, he reasoned that it must have been receiving heat at 
the same rate throughout the experiment, or that, in 20 minutes 
it had absorbed five times as much as in the first 4 minutes 
without any apparent rise in temperature as indicated by the 
thermometer, or, 5 x 162 == 810 — ^Black’s estimate of the latent 
heat of steam. 

In this last estimate Black was incorrect, as might be expected, 
from^ the rough nature of his experiment. It has since been 
found that the latent heat of steam at atmospheric pressure is 
966*6. In other words, it requires 966*6 British thermal units 
of heat to convert 1 lb. of water at 212'’ E., into steam at the 
same temperature, or 1 lb. of steam at 212** E., gives out 966*6 
B.T.U., in being condensed into water at the same temperature.* 

The following definition of sensible and latent heat will now 
be quite clear: — 

**Heat given to a substance, and warming it, is said to be 
sensible in the substance. Heat given to a substance, and not 
warming it, is said to become latent ” (Sir JFm. ThoTnson). 

Latent heat is the quantity of heat which must be communicated 
to unit mass oft a body in a given state, in order to convert it 
into another state without changing its temperature (Maxwell), 
Temperature and Pressure of Steam.— When water is con- 
fined in a closed vessel, and heated, the pressure of the vapour 
contained therein continually increases. The precise temperature 
which corresponds to any particular pressure, has been made the 
subject of very careful inquiry by Kegnault and others. Before 
quoting Begnault’s results, we shall illustrate these phenomena 
by means of a simple apparatus, termed Marcet’s boiler. 

On applying heat i^m the Bunsen burner, B B, steam is 
generated from tho water, W, and the temperature as it rises is 
noted by the thermometer, T. Simultaneously the column of 
mercury rises in the tube, and the height from the free surface 
of the mercury may be read ojff (roughly) on the graduated scale, 
G S. When the temperature has arrived at 233® E., the mercury 
will be observed to have risen about 15 inches, corresponding to 


*The Latent Heat of Steam by the Centigrade scale, is, therefore, 
9o6*6 X 6 

g 637 ; or, 637 times the quantity of heat absorbed in raising 1 lb. 

of water by 1*0. 

f 1 have ^ded the words (unit mass of) to Maxwell’s definition, because it 
appem defident without them. When we speak of 143 as the latent heat 
w^tw, and 966 as the latent heat of steam, it is understood that 143 and 
m i^ts OT heat are required reBpectirely for every 1 lb, (or unit of mass) 
to change the state ipom solid to liquid, and from t^nid to ga8eous.-*^ii. 
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Aipresjiiitc^ 6f 7*4 lbs. (half an atmosphere), or 22 lbs« absolute; 
and when the temperature arrives, at 260* the mercury will have 
risen to about 30 inches, cor- 
responding to a pressure of 
14*7 lbs. on the square inch (1 
atmosphere), or 29*4 lbs. abso- 
lute (i,6., from zero pressure, 
or' what would correspond to 
a perfect vacuum). c ^ 

If our glass tube had been IIP 

longer, and the supply of 
mercury in the bottom of the 
boiler sufficient, we might 
have gone on applying heat 
and registering still higher 
pressures with their corres- 


Index. 

BB for Bunsen burner. 

MB,, Marcet’s boiler. 

M „ Mercury. 

W „ Water. 

SS „ Steam space. 

T „ Thermometer in S S. 

6T „ GiaBBtube,about36in.loug. 
GS „ Graduated scale. 

G „ Cock. 


ponding temperatures, but the 
limited experiment has been 
sufficient to show roughly, 
that a rise in temperature 
cannot take place without a 
corresponding rise in pres 
sure. Mercurial gauges, such 
as that in the Marcet’s boiler, 
were diuch used to register 
the pressure of steam in steam 
Wlers, before the introduction 
, of the Bonrdon gauge. (See 
ont Blementa^ Manual, Lecture XI.) 

Begoattlt’s ;Bzperiments.---Our knowledge of the 
«steam is chiefly derived from experiments made by , 
(Ibe Paris observatory for the Erench Government in 1$4( 
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were oonduoted witih the greatest oare, aad involyed immense 
labour. It is not necessary here to enter into anjr minute detail of 
the apparatus he used, but, generally speaking, it consisted of a 
boiler containing, when half frill, about 33 gallons of water, a con* 
denser of suitable dimensions to condense the steam as fast as it 
was formed, and an air chamber three times the sise of the boiler 
provided with force pumps by means of which any desired pressure 
could be produced at pleasure. Pressures were measured by means 
of a column of mercury open to^ the atmosphere— an arrange' 
ment admitting of greater accuracy than any other method, but 
involving the manipulation of a column of mercury some 60 feet 
in height, when registering the very high pressures to which he 
went, viz., over 400 lbs. on the square inch. The air chamber 
and condenser enabled any desired pressure to be maintained 
for any length of time. For his more accurate measurements 
of temperature he used an air thermometer. 

Numerous formulae have been devised for connecting 
algebraically the relation subsisting between the temperature 
and the pressure of saturated steam. Many of them are defective 
in as far as they only apply to a limited range,* of which the 
following is one of the best of these approximate formulae, as it 
is nearly correct for absolute pressures between 6 and 60 lbs., 
and it may be adso used for pressures between 60 and 120 lbs., 
by adding 1 to the results. 

/< + 40\« 

When p stands for the absolute pressure in lbs. per sq. in. 

t „ „ temp, of the boiling point in degrees F. 

Therefore, t = 147\/^- 40 

Which is easily worked out by logarithms for any particular 
case, but the following, as given by Prof. Bankine, is best — 

I A B *0 

log. P “ A - - - 

Where A, B, and 0 are constants, and r, the absolute temperature 
of the boiling point « < + 460 (see Lecture XIII.) 

The inverse formula for finding, r, when you know p, is 

BsnkWs formulaa, which represents Kegnault’s experimental results, 
very e^ttely refers to the ahsdute temperature^ or - 460 F. (see Lecture Xlll. T 
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A 

Log. B 

Log. C 

B 

20 

B» 

61007 

1 

8*43642 

6*69873 

jjlQlll^ 



Students should plot out a curye from the following table, repre- 
senting graphically the relation between pressure and temperature. 
To dp so, set off a scale of temperatures on a horizontal line, and 
on a vertical line starting from the same point plot the corres- 
ponding pressures to the sctme scale. Draw vertical lines from 
each of the former points, and horizontal lines from each of the 
latter. Connecting the points of intersection, we have a curve, 
which shows at a glance how the pressures increase more rapidly 
than the temperatures. See next page. 


TABLE L— Properties op Saturated Steam prom 32* to 212* P.* 


Tsmpera- 

TUBB. 


1 


Pbessdbb. j 

IndheBOf 

Mercury. 



Lbs. per 
Sqnareinoh, 
Absolute. 

rkhrenbeit 

InebeB. 

Lbs. 


Eehrenheit 

Inches. 

Lbs. 

32® 

•181 

*089 


120® 

3*430 

1*685 

36 


*100 


125 

3-933 

1*932 


•248 

•122 


130 

4-609 

2-215 

46 

'299 

•147 


135 

6*174 

2-642 


•362 

*178 


140 

6*860 

2-879 

56 

•426 

*214 


146 

6*662 

3*273 

IKtH 

•617 

*254 


160 

7%48 

8-708 

66 

•619 

*304 


155 

8-636 

4*193 

70 

•733 

•360 


160 

9-630 

4*731 

76 

•869 

*•427 


166 

10-843 

6-327 

80 

1-024 

•503 


170 

12*183 

6*986 

86 

1-205 

•692 


176 

13-654 

6-708 

■ 90 

1*410 

•693 


180 

16-291 

7*611 

96 

1-647 

*809 


186 

17-044 

8-376 ' 


1-917 

•942 


190 

19-001 

9-335 


2-229 

1*096 


196 

21-139 


110 

2*579 

1*267 


200 

^ 23-461 

11-526 

. 116 

2*976 

1*462 


206 

26-994 






210 

28-753 

li’126 

- 

■' ^ ... 



212 

29-922 

fsm 


* Fhnn D.*K. Clark’s RuUs^ TabUst end Doto: Blackie k Son. 
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CmBLVB OF PRESSURES & TEMPERATURES 
(Front oeeotHpanyit^g iaSU) 

Note A,B ,C^p (h*ii^JM Xc<UA l^s^^ the ^ 
rise of temperature ne c essant tU the vari ou^ 


joints ^/br a rise ^ /rese ure of J lls. 


We see clearlo (hat as t/ie ^ r essut e 
rises a snta&r tnerease i 



212 228 2io 260 269 267274 ‘28J 202 302 3l2 320 327 


Degrees Fahrenheit 



Remarks ok Table II. 


Saturated Steam is steam ii^ontact with the water from which it is 
generated. Its physical condition is such, that it is ready on the smallest 
increase of pressure, or decrease of temperature, to yield some portion as 
liquid. For a given pressure there is one temperature and one density. 

Ahsolide Pressures are pressures reckoned from a perfect vacuum as 
^ro. Ordinary steam pressure, as measured by steam gauges, is converted 
into absolute pressure % adding 15 lbs. N.B, — In all questions relative to 
» the expansion of e8eam (Boyle’s law, &c.) absolute pressures are to be used. 

TempercUure. — The second column gives the temperature at which water 
boils under the given pressure, and the temperature of the steam produced. 
It also gives (nearly) the units of heat required to raise 1 lb. of water 
from 32*’ to boiling point under this pressure iblim 32 is sfiihtracted, 

Bkcample, — 1 lb. water at 120® raised to boiling point under 60 lbs. 
pressure. The units of heat required = 281 - 120 = 161 units. 

Total Heat, or sum of Sensible and Latent Heat, — This was believed by 
Watt to bo a constant quantity, but elaborate and careful experiments by 
Regnault have shown that it increases along with the temperatixre. 
The formula used m the table for any temperature, t, is t 

Totai Heat, or H 1,082*4 + *305 1®. 

LateiU Heat gets less at higher temperaturos and pressures. 

BelaUve Volume is the volume of steam generated under a given pressure 
compared with the volume of the water from which it is produced. 




287-77 1172-7 267-2 905-5 0-1519 6-683 1-0280 

302-71 1174-3 272-2 902-1 0 1628 6-143 1-0295 

307-38 1176-7 276-9 898-8 01736 5-760 1 0309 

m-80 1177-0 281-4 895-6 0-1843 6-426 1-0323 

316-02 1178-3 . 285-8 892-5 0-1951 5-126 1-0337 
































320*04 1179*6 290*0 889*6 0*2058 4*859 1*0360 

323*89 1180*7 294*0 886*7 0*2165 4*619 1*0362 

327*68 1181*9 297*9 884*0 0*2271 4*403 1*0374 
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Sxplanation of Sensible and Latent Heats by the Hlnetio 
Theory of Heat. — ^According to the kinetic theory, heat is a 
rapid vibratory motion of the ultimate particles of matter, and 
temperature is the outward manifestation of this motion. An 
increase or a decrease in the temperature of a body means an 
increase or a decrease of molecular kinetic energy. Hence, by 
** sensible ’’ heat is meant that heat which is effective in changing 
the molecular kinetic energy of the body. The sensible heat 
given to i lb, of water betiteen the temperatures 32* F, and 
212** F., is 180 B. T. U., and the whole of this heat is employed 
in giving a more rapid vibratory motion to the molecules of the 
water.* The amount of work done in increasing the kinetic 
energy of the molecules of the water during this change of 
temperature may be mentally pictured in this way. The sensible 
heat is equivalent to 180 x 772 = 138,960 ft.-lbs. of mechanical 
work, and corresponds to the work done in raising a weight of 
rather more than 62 tons through a vertical height of i foot ; or, 
it is equivalent to the work done in projecting a 5 lb. shot from 
a gun with a velocity of 1336 ft. per second ! The whole of this 
work, be it remembered, has been done within the mass of i lb. 
of water between the freezing and boiling points. If, then, by 
any contrivance we convert the whole of the heat given out 
during the cooling of i lb. of water from its boiling to its freezing 
point, we should be able to do mechanical work to the extent of 
138,960 ft.-lbs. 

We have shown, that during the conversion of a solid into a 
liquid, or a liquid into a gas, an amount of heat disappeai s 
without in any way affecting a thermometer placed in the mixture ; 
until, the change of state of the whole mass has been completed. 
Thus, in convei'ting i lb. of ice at 32* F. into water, 143 B. T. U. 
disappear before a change of temperature ta^es place. In the 
same way, 966*6 B. T. XJ. disappear during the conversion of i lb. of 
water at 2 1 2" F. into steam at the same temperature. The question 
may then be asked, wjiat becomes of this heat ? Evidently no 
part of it is employed in increasing the kinetic energy of the 
, molecules of the body, otherwise this would be indicated by an 
increase of temperature. The older physicists, believing that 
heat was a substance — a highly elastic, imponderable and subtle 
fluid, called caloric — accounted for the above phenomenon by 
saying that this caloric’’ became latent or hidden in some out- 
of-the-way holes or pores of the body. *But we now know that 
heat is not a substance, and we cannot conceive of any suck 

» * Wei^hall see in Lecture XL that rather less than 180 B. T. IL are 

einployjd in increasing of molecular kinetic energy ; but the difference is 
•tosmawTthatwemay safely neglect it. « - 
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cavities or pores in matter wherdn this “oalorio” could possibly 
conceal itself in the manner suggested. Further^ this dmppear- 
ance of heat never occurs except when there is a change of state 
of the body. To clearly understand what actually takes place we 
require to give a brief explanation of the fundamental differences 
of the three states of matter as presented to our senses. Accord- 
ing to the theory of the moUmkur <mistitution of matter^ the 
distinctive character of a solid is the fixedness of the molecules 
relati\rely to each other. The molecfules have a rapid tremulous 
motion about their mean positions, but are otherwise so fiirmly 
bound to their neighbours that work has to be done against the 
molecular attractions before they can be given greater freedom of 
movement or separated from each other. Hence, considerable 
effort is required to separate one portion of a solid from the 
remainder of the mass. Whenever the molecular attractions are 
sufficiently overcome, that the molecules glide freely over each 
other and move about throughout the whole mass, we have all the 
characteristics of a liquid. The greater the mobility of the 
molecules the more perfect is the liquid. Hence, the difference 
between a solid and a liquid is the ease with which the parts of 
the latter can be separated from each other, and the readiness 
with which the whole assumes the form of the containing vessel. 
With gases, on the other hand, the mobility of the molecules is 
very much greater than in the case of liquids. Here the mole- 
cular forces are repulsive, and these cause the molecules to 
separate from each other as far as the sides of the containing 
vessel will permit. Thus, a portion of gas, however small, when 
allowed to enter a vessel, however large, soon diffuses itself equally 
throughout the whole vessel, and this is true whether there are 
other gases or not in the vessel along with it. 

^e are now in a^osition to understand what becomes of the 
so-called latent heat. In converting a solid into a liquid, or a 
liquid into a gas, work has to be done in effecting certain mole- 
cul^ actions, as in overcoming the molecular attractions charac- 
teristic of solid substances, or bringing into play those molecular 
repulsions characteristic of the gaseous state. Hence, during 
those transient states of matter, the sO'Called latent dis- 
appears as heat, but reappears as the result of molecular mechanical 
work. 

As befox^, we may give a mental picture of the vast amount of 
woxk within the mfiss of i lb. of water during those physical 

InJiro^eiting i lb, '^f ice at 32® F. into water at the same 
143 3* (or, 143 x 772 = x 10^396 ft. lbs. of 

work). be^ expended against the molecular^ attractions. 



; Th& ^ tW; work done iof raising $ wwglit df a^ut 

49I tons through it vertical height of t foot ; or the work done in 
]irojecting a 4 lb. shot from a gun with a velocity of about 1330 
feet |iier second ! / 

In converting i lb. of wat^ at 212” F. into steam at the same 
temperature, 966*6 B. T. U. (or, 966*6 x772f' 746,2IS ft. lbs. 
of work) are expended in bringing about thia^phpiqal change. 
This corresponds to the work done in raising a' w^gbt pf rather 
more than 333 tons through a vertical height of r foot j or the 
woik done in projecting an 18 lb. shot from a. gun with a vdocity 
of more than 1600 feet per second I 
Conversely, when i lb. of steam at atmospheric pressure 
(212* F.) is condensed into water at the same temperature, the 
work done by the colliding or clashing of the molecules corre- 
sponds to 746,215 ft. lbs. or 966*6 B. T. TJ.* 

If, then, an engine could convert the whole of the heat given 
out during the reduction of steam at 212” F. into water at the 
sameliemperoture, mechanical work to the extent of 746,215 ft, 
lbs. would be done per. lb. of steam condensed. We shall after- 
wards see that only a very small fraction of this work can be 
made use of in practice. 

* We shall see in Lecture XI. that the whole of the 966*6 B. T. U. are 
not employed in molecular work; for about 73 B. T. U. go to perform work. 
wtemti to the substanoe. 
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‘nrassore Gauges.— iMtrumente 
for indicating the intensily of the 
pressiure oi(»a'mild contained m a closed 
^sseVare cj^d^i^ pieBSwr^gaugea,** or 
<‘vaonttm>gS^?'a<>l»«lMg ^ J^«y 
register how much the pressure is above 
or below that of the atmosphere. 

The Mercurial Pressure Gauge, 

as seen by the first figure, consists 
of a bent, U, glass tube, containing 
mercury, from, 0, round the bend <n 
the tube to, 0. One end is connected 
directly to the closed vessel, or say to 
a steam boiler, while the other end is 
connected to a cup, to prevent the 
mercury being lost when the pressure 
rises higher than the range of the tube. 
This cup is open to the air, and con- 
sequently the pressure of the atmo- 
spWe acts on that side of the mercuml 
column. A vertical scale is fixed im- 
mediately behind the vertical limb 
connected to the boiler or closed vessel, 
and it is graduated in any convenient 
manner— say, for lbs. per square inch 
of pressure. As the pressure increases, 
the mercury in this limb is depressed, 
and rises correspondingly in the other 
limb. When the pressure in the closed 
vessel equals that of the atmosphere, 
both ends of the mercury should stand 
at 0. The pressure as shown by the 
right hand scale is 39 lbs., and by the 
left one as fully 2 } atmospheres, 
lathing could* he fimpler or more 
accurate than this arrangement, for, as 
we saw in the case of the Marcet’s 
boiler, a vertical column of mercury 
])roduces a definite pressure of about 
1 lb. per square inch for every 2 inches 
in height. In practice, however, the 
inside of the glass tube gets coated 
with a dirty film, owing to the oxida- 
tion of the mercui^, which prevents the 
attendant observing the exact position 
of the depressed end of the mercurial 
column. ® 

j Such a pressure gauge is, of course, 
fnedmissilMe on board a Ibip or on a 
locoiu^tei to the jerking motion 5 
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and further, the length of the tube would have to be very great for the 
preseuree now carriA in high-pressure steam boilers (about 300 Inches, 
or 25 feet for 150 lbs. on the square inch). For these reasons its use has 
been discarded in ordinary practice; but, as an exact and standard 
Instrument for scientific purposes, and for testing and oalibra^g the 
working pressure gauges (which we are about to describe), it is mdis- 
pensabm. In all the best works where ordinary pressure gauges are made 
and tested, a long graduated vertical mercury column or gauge is supplied, 
with which these may be compared ; and there, the inside of the ^ass is 
occasionally rubbed clean by a little cottoif-wool fastened to the end of a 
wire and dipped in sulphuric acid. 

MercuriaL Vacuum Gau^e.— This gauge indicates directly the 
ahsolvie pressure inside a vessel such as the condenser of a steam engine, 
the suction pipe to an air-pump, or the vacuum pan of a sugar-refinery. 
The simplest form is shown by the second figure on the previous page. 
It consists of a vertical glass tube a little over 30 inches in length, with its 
lower end open and dipping into mercury contained in an iron bottle, 
while its upper end is attached to a brass cock and pipe connected with 
the vessel or condenser. A scale is fixed behind the gl^s tube graduated 
on the right hand into inches, and on the left hand into mulimetres, 
but it would be more convenient if this latter scale were divided so as to 
show the absolute or the back pressure in lbs. per square inch due to an 
imperfect vacuum. The more perfect the vacuum, the higher the mercury 
rises in the tube, due to the atmosphere pressing on the mercury through 
a small hole near the top of the iron bottle. Every 2 inches of rise corre- 
sponds to a diminution of about 1 lb. of back pressure per square inch. 

It does seem absurd that we should thus continue to register pressures in 
three or four different ways. 

1. In lbs. per square inch above the atmosphere— e.p , in the case of the 
pressure of steam m a boiler by ordinary steam gauges. 

2. In inches of mercury from atmospheric pressure downwards, towards 
a perfect vacuum, or in lbs. per square inch below atmospheric pressure — 
s.^., in the case of ordin^^ vacuum gauges attached to condensers. 

3. In lbs. per square inch reckoned from a perfect vacuum, or what are 
termed lbs. per square inch absolute— e.p., in the case of the back pressure 
during exhaust of a condensing engine. * 

If we universally adopted me mst of these methods, there would be no 
confusion, and only one way of reckoning pressures- -viz., from absolute 
zero. '’Condenser vacuum pressures would then range from 0 to 15 lbs., 
and boiler pressures from 15 lbs. upwards. 

Bourdon’s Pressure and Vaeuum Gauges.— Steam pressures in 
boilers or pipes are usually indicated by Bourdon’s pressure gauges, and 
negative or vacuum pressures in condensers, &c., by Bourdon’s vacuum 
gauges, or by instruments of somewhat similar desi^rn and construction. 

The construction of Bourdon’s pressure gauges is clearly shown by the 
figures on the opposite page. Fi^re G shows the internal mechanism of 
.such a gauge in its earliest and simplest form. Figures A and B show a 
sectional elevation and plan and a front outside view of a modem high- 
pressure gauge as made by Messrs. Schaffer & Budenberg. The internal 
mechanism of this modern form of gauge differs from the older forms only in 
the arrangement of details, so as to give correct readings at high pressures. 
The action of the gauge is as follows:— The sseam, wato, or gas enters 
by the cook (shown with the gauge in figure B) to the curved meti^Uk* 
t»h6, T. This tube is made of hard brass or steel, and has its up|3^<n3^ 
» hlirtteticaUy sealed. The cross-section of this tube is of a fiat 
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\Alio;wii iB D. Hi, has its greatest breatiih fixed perpehdieiij^ly jb6 
1ih(Ei7dir<^U6|i 'ii^ which the tube is Curved. When the pointer' is ht zero 
(that is, when the pressure inside the tube is the same as that, outside) the 
tube is in its normal state as regards shape and curvature. If, how, the 
pressure^of the fluid contained in the tube he above the external or atmo* 
spheric pressure, the tube tends to become more and more circular in cross: 
sectibn the greater the pressure within it, and the tube as a whole tends 
to straighten out, thereby pulling the link, L, upwards. This motion 
is transmitted to the quadrant, Q, and thence to the toothed wheel, T W, 
flxed on the same axis as the pointer, P, which latter moves over the scale. 

Should the pressure within tha tube be less than that of the surroundiim 
atmosphere (as is the case when the instrument is measuring the vacuum of 
a condenser), then the cross-section of the tube becomes flatter than its 
normal or ordmary shape, and, consequently, the closed end of the tube 
curves inwards, thus moving the pointer, P, in the other direction. 



Diaobam Showing thb Action ot thx Bourdon Tubb 
UNDER Pressure. 


The discovery of the peculiar action of the tube in a Bourdon gauge is 
exceedingly interesting. M. Bourdon was engaged trying to restore to its 
original circular section the worm-pipe of a still which had become 
flattened. He endeavoured to do so by pumping water into the pipe at a 
great pressure, knowing that the section of the ^pe would conform to the 
shape consistent with greatest strength, which, of course, is the circular 
shape. During the experiment, however, it was observed that not only d*d 
the shape of the cross-section tend to change, but the tube as a whole 
tended to straighten out. The observation of these facts thus led M. 
Bourdon to usefully apply a bent oval tube in the form of a gauge for 
measuring fluid pressure. < 

The fofiowing is an explanation of the action which takes place:— -Let 
X Y Z represent the curve of the tube in its normal state, Z, being the free 
or movable end. Let mon represent the cross-section of the tul^ when 
the pressure inside is balanced by, or equal to, that outside. It is shown 
by higher geometry that when a flexible and inextensible surflme is bent 
simhltaneottsly in two directions at right angles to each other, tW the 
^nroduot of the ^ in these directions, ia a conatant quantity. How 

r 

I wnature of a line at any point is the reciprocal of the rudiua ef the evroe at 
I jujoini The mmtwe of a circle Is constant and equal to where r is the radius 
» circle. - * 
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the tttbe o! a Bonrddn’s fiaiige ll bent h suoh a lyiaimer^for it Is bent 
m the direction of its lengUi, and aUio at nght anglea to this direotion* 
tet n, rs be the radii of these two ourves, the latter being the oorve 
of the crosB-seotion. Then by the abore theorem, 

~ X i- =s constant. 

ri ^2 


From this equation it follows that when one factor of the term on the 
left-hand side increases the other factor must decrease, and conversely. 
Now this is really what happens. When^the pressure of the fluid inside 
the fflbe is increased the cross-section tends to become rounder, like the 
dotted lines, m o'n, that is, the radius of the curve^ r 2 ,*becomes lees* 
Consequently, the curvature is greater than before, so that the curvature, 

i-, of the tube iu the direction of its length is less than before, which 

means that the tube has straightened out into some position such as 
X Y' Z^ The pomter is thus moved to positions which have been marked 
by trial to correspond with the excess of pressure inside the tube above 
that outside. The reverse of this takes 


place when the pressure within the tube 
u less than that outside — i.6., the cur- 
vature of the cross-section becomes less, 
whilst that of the tube becomes corre- 
spondindy greater. 

Sehftffers Gauge. — Another form 
of gauge, which represents Schafier’s 
patent, is shown in the accompanying 
Dgure, the difference between it and the 
S^urdon patent being, that the former 
relies upon the natural elasticity of a con- 
centrically corrugated steel plate placed 
across the hollow opening in the flange 
of the pipe, G, which communicates with 
the boiler or condenser. The centre of 
this corrugated plate is attached by a 
clip and rod to the toothed quadrant as 
shown. When the pressure is greater 
than that of the atmosphere, the cor- 
rugate plate is bulged upwards, and 
when it is less, it is bulged downwards. 
These motions, beinp proportional to 
the pressures per square inch, are corre- 
spondingly indicated on the graduated dia 
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spondingly indicated on the graduated dial by the pointer. 

Pressure Pyrometer.— -in Lecture ill., under the heading of Pjrro- 
meters, we referred to ^is instrument, which depends for its action upon 
the flict that the pressure of a gas, generated from a liquid with which 
it is in direct communication, corresponds to the temperature of the 
liquid. The name given to it by the makers is the Thsupotasimeter, 
and it is constrqcted, as may be seen from the following figures, of a 
metal stem, containing the* liquid, and endmg in a Bourdon or SohSffer 
The metal stem is shown fixed in the first case into a pipe, and 
m the ^Be<Mind case into a flue, through which hot gases are passed. 
Thb^^teE^^ture inside the pipe or the flue is communicated to the 
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stem of the instrument, and therefore to the liqmd 

ho placed within the stem, then the pressure (and consequently tl 

* RMnmsiMaM taSBHHB* 
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temperature) rises in accordance with Regnault*s tables. Instrumente 
filled with ether are made and graduated from lOO** to 220** Fah . ; those 
filled with water, from 212° to 680° Fah. ; and those filled with mercury, 
up to 1,400° Fah. 
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1. WliAt is the distindabn between sensible and latent heat? 

2. Describe an experiment by winch yon could show* that heat becomes , 
latent when water is converted into steam. 

3. What is meant by saying that the latent heat of stem is 966*6 T 
Point out the sources of error in Black’s experiment when he tried to find 
the latent heat of steam. 

4. How would you ascertain the pressure of the vapour of water at a 
temperature above 212” F,? Describe seme method of conducting the 
experiment. 

5. When you speak of the ** latent heat of steam,” what property of 
steam do you refer to? State the numerical value of the latent heat of 
stoam at 212° F. A pound of water at 212° F. is passed into 20 lbs. of 
water at 70” F., what is the final temperature? Ans. 76”*7. 

6. From the table of Eegnault’s results, plot out a curve showing the 
rise in pressure of steam with increase of temperature. 

7. How many pounds of ice at 32° F. will be converted into water at 
40” F. by mixing it with 6 lbs. of water at 160° F. ? 

6 lbs. of water gives up 6 (160° -40°) =s 720 units. 

1 lb. of ice taikes up 143 + (40 - 32) =: 151 „ 

.*. 720-^151 = 4*768 lbs. 

8. Into 1 cwt. of water at 46° F. is poured 20 lbs. of water at 160° F,, 
and then 4 lbs. of ice at 32” F. are added. What is the final temperature 
when the ice has just melted ? 

Water 112 (45” - 32”) = + 1466 units of heat from 32® F. 

Water 20 (160” -32”) = + 2560 „ 

Ice 4 X 143 = - 572 to convert 4 lbs. ice into water. 

Total 136 lbs. mixture = 3444 units left. 


... 3444 +- 136 = 26*32 above 32” or 67‘’'32F. 

9. If the heat which just melts 8 lbs. of ice at 32” F. were applied to 
30 Jbs. water at 60” F.^ to what temperature would the water rise ? 

8 X 143 s= 1144 units of heat required to melt the ice. 

Now, 30 lbs. of water raised 1” F. = 30 units of heat, 

. *. 1144 +• 30 = 38”*13 F. of rise from 69” F. or 98”*13 F. 

10. There are mixed together 200 lbs. of water at 100” F., 3 lbs. steam 
at atmospheric pressure, and 15 lbs. of ice at 32° F. What is the resulting 
temperature when all the ice is just melted ? 

The 200 lbs. water has + 13,600tc, more than water at 32”F. 

„ '3 „ steam ,, + 3,438 „ ,, „ 

„ 16 „ ice - ^145 less „ „ 

4 ^ 218 „ mixture,, 14,893 more „ 

1^893 + 818 - OS’-SS'. above 38 = 100*'8F. 
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the Autaber which expresses the latent' heat of steam at 211r.;F., and 
explain how that number is arrived at. v 

12. When does heat become latent? What do you understand by the 
expression lateunjt keat of sleam, ? What unit is adopted for measurmg and 
oompcMdng quantities of heat? Write down the number expressing the 
latent heat of steam at 212** F. 

13. What is the thermal unit employed in this country? State its 
measure in foot-pounds. How many thermal units are expended in con- 
verting one pound of water at ^0® F. into one pound of steam at 212® F, ? 
Am. 1,118*6. 

14. Distinguish between the sensible and latent heat of steam. How 
many thermal units must be added to 1 lb. of water at 32® F. to raise it to 
212® F. and evaporate it into steam? How many of these units go to 
sensible and how many to latent heat? Ans. I,l4t)'6 B.T.U.; 180 B.T.U.; 
966*6 B.T.U. 

16. Write a brief essay explaining what you consider ** sensible” and 
^‘latent” heat to be; and illustrate the same by means of one or two 
examples. 

16. Prove the well-known law connecting latent heat, temperature^ 
pressure, and change of specific volume when there is change of state. 
From the following figures find approximately the volume in cubic feet of 
a pound of steam at 293® F. : — 


Temperature, Fahr. 

Pressure in Lbs. per 
Square Inch. 

Latent Heat, in Fahr. 
Heat Units. 

^ 284® 

62*62 

916*1 

293® 

60*40 

908*6 

302® 

69*21 

902*2 


(S. & A., 1897» Hons.) 

17. Given a table of temperatures and densities of saturated steam, how 
would you, by means of squared paper, test if there are empirical laws like 
these: — Volume of 1 lb. = a p^; total heat =» c + cj? What are the 
values, which are usually taken to be correct, for a, n, c, e ? (S. A A., 
1898, Adv.) 

18. Given the following temperatures and pressures in lbs. per square 

foot :--284® F., p = 7,66(3 ; 293® F., p = 8,698 ; find ^ roughly. Take 

the well-known formula for latent heat, assuming the specific heat of 
water to be constant, and calculate approximately the volume of 1 lb. of 
steam at 288}® F. Prove the rule you apply. (S. A A., 18982 H., Part i.) 

19. Answer only one of the following (a) or (6) : — Describe how you 
would expenmentally determine— (a) The calorific value of any kind of 
heating gas or oil ; (b) the latent heat of steam, say at about 120® 0. 
(B. of F., 1901, Adv. and Hons., Part i.) 

fiO. Suppose you were request^ to find the, temperatures in the fire-box 
and chimney of a locomotive, or in the furnace and uptake of a marine 
bOiler funnel, how would you do it? Give arithmetical examples in each 
oaehi « ' 
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OoHTBNTS.— -The saocesBive eifects TOoduced by the oontmamu apptioatiira. 
of Heat to a piece of very cold Ice m^til Dissociation t wee pIaoe>-The 
boiling point of a Liquid— Experiment of Water boiling at pressures 
less^an one AtmospnOTe — Use of large Air Pumps in connection with 
Condensers — Total Heat of Evaporation. — Questions. 


Wb shall best understand the physical properties of steam and 
the results arrived at by Regnault, by considering, in the fiwt 
place, the several changes which take place in water— from its 
solid condition, ice, until it becomes dissociated under the con- 
tinuous application of heat. 

Thue figures are purdy irmgimiry amd not to seals. 



lOE WATER 



SATURATED DRY SATURATED 
STEAM STEAM 


Referring to the figure, suppose that wa put 1 lb. of very cold 
ice in the bottom of an open-mouthed cylinder, and place a piston 
on it, which, together with the pressure of the atmosphere, exerts 
a pressure of ^ lbs. on the square inch. 

Stags 1. — Qn the application of heat to the bottom of the 
cylinder, the ice is gradually heated until it arrives at 32^ F. 

Stage 2*--tThe temperature now remains constant until all the 
ice melt&f and becomes l^onverted into water. The bulk of the 
water being less than that of the ice from which it is fofmedf 
descends a very little. As we have already noticed 
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bi Lecture YU., 143 nnits of must be coxamnnioated to the 
1 lb. of ice at 32^ E. before it is all melted into water at 32<^ E; 

' Stags 3. — Still appl^g heat, the water increases in temperar 
ture while the bulk diminishes, until 39^ E. is reached (the 
maximum density point of water); thereafter, the volume giMU-. 
ally increases, but in a very slight degree, with the rise in 
temperature, until a little above 212^ E. is reached, the limiting 
temperature of the water depending on the pressure, jp, lbs. on 
the square inch (see Begnault’s tables). Had the pressure on 
the piston been nothing more than that due to the normal pres- 
sure of the atmosphere, viz., 14*7 lbs., corresponding to a 
barometric height of 29*9 inches, then the water would have 
been converted into steam at a temperature of 212® E. 

Stage 4. — ^The temperature remains stationary at that limit 
value, and the formation of steam commences, the piston rising 
as more and more of the water is' evaporated. So long as any 
water remains at the bottom of the cylinder, we are producing 
what is called saturated steam, or wet steam. This is the con- 
dition of steam usually supplied to engines from ordinary boilers 
having small steam space or no steam dome. 

Stage 5. — When all the water in the bottom of the cylinder 
has been evaporated, and jmt when all the water or aqueous 
particles held in suspension with the steam have been converted 
into steam, we obtain dry steam, or what is sometimes termed 
dry satwrated steam; then 966*6 units of heat must have passed 
into the contents of the cylinder, for, as we have already noticed 
in Lecture VII., 966*6 units of heat must be communicated 
to the 1 lb. of water before it is all converted into steam at 
212* E. The ratio of the weight of dry steam to the total weight 
of steam and water is termed the dryness fractimu If x be 
the weight of dry steam dn 1 lb. of wet steam, then (1 - a?) is the 
weight of water held in suspension. When of the vapour is 
steam, then ^ is water, or 10% of water is in suspension. 

Stage ' 6, — If more heat be added to the dry steam in the 
cylinder, the pressure^ P, on the piston remaining the same, the 
temperature will again begin to increase, and we get what is 
termed superheated steam. The more it is heated, the more 
nearly do its properties approach to those of a perfect gas. If 
the tpp of tiie cylinder had been closed from the commencement • 
of 1^6 3, the pressure would have risen with the temperature 
^ the commencement of stage 6, in accordance with Begnault^ s 

given at the end of last Lectur^*; but during stage 6 we 
,<^^^unicate more heat to the steam than its pressure would 
^Mpcate ‘hy the tables^ Superheated steam up to 600* or^yen 
is now used for engines. The varioua reiwonsiSj^'^its 





rapid ^adoption are giveh later^ on ih Leoture XIY., ii6., (aee 
Index). 

Staob T.^SteiEan*" cannot be heated indefinitely without a 
molecular change taking place, termed disiociatumt when it 
separates into constituent gasecH-hydrogen inA oxygen. This 
action is practically carried out in the process of making ** water 
gas,” by blowing d]:y steam oyer very hot plates before car- 
bonising it, ready for illuminating purposes. 

Thus the successiye efiects prodi^ced by the continuous appli* 
cation^ of heat to a piece of very cold ice are : — 

1. Heating ice up to 82” F. 

2. Melting ice, absorption of latent heat, 143 units per lb. 

3. Heating water up to boiling point. 

4. Formation of saturated stesm, no increase of temperature. 

5. Formation of dry steam, due to the complete absorption 

of the latent heat, or 966-6 units per lb. of water. 

6. Superheated steam, increase of temperature above stage 3. 

7. Dissociation or formation of hydrogen and oxygen. 

8. Heating, no further alteration of the physical state. 

Boiling Point. — Before treating of the “total heat of evapora- 
tion/' we shall digress a little to consider what is meant by the 
boiling point, or the temperature of ebullition. 

Ths hMvng pomt of <my liqmd is that point on the temperatfim 
acaHe^ when Ae tension throughout its mase just overcomes the sur- 
rounding pressure. The temperature of the boiling point, there- 
fore, depends directly on the presume under which the liquid 
is evaporated, and the greater the pressure the higher the 
temperature at which it boils. 

The boiling points of fresh water at different pressures are 
approximately as follows (compare tins with Begnault's table 
it Lecture VII. — 


Under a pressure of ^ atmosphere, 


123° Fah. 
160 ° 

179 ° 

212 ° 

249 ° 

273 ° 

291 ° 

306 ° 

319 ° 


It is th^s clear that water wUl boil or give off steam &r 
below, as well as far above, its normal boiling pointy 212® F. ^ 

^te this take a glass flask half full of water with a 
in it, heat it over a spirit lamp or Bunsen bumei; 




^ater just begijis: to boU and the 
i^^^^jred by^ the thennome^ is 212"F. Now at&£ch 48^ 
showitii to, an air-pump, AP, by a flexible mdiarnibber''tu^^ ahd^ 
beMn extracting the aur. The water is observed to boil vidlentl^i . 
idtoough it may nave cooled down to as low as 180’ P, This , 
plan of attaching it to the air-pump is much better than that 
of placing it under the glass-bell jar of the pump, as it permits 
the thermometer being easily seen after the moist steam has 
begun to rise. 



, ^ If an air-pump is not at hand, the following simple experiment 
will illustrate the fact equally well to a class : — ^Afber heatipg 
the water in the flask to 219” F., and letting it boil freely f6r 4 
miniito to expel the air, cork it up quickly and tightly, leaving 
4^ti|b^otneter inside. Now pour cold water , on the outside of ^ 
;^e. water will at once begin to boil, althptfgh, the 
tehipe^tuto may be now below 200” F; It ceaii^; to boil,?J 
ho^ey)er, if you stop cooU^ it. Whyi Because thp. tension of | 
i^w^ur generated equ&ds .that of the natural tension of " thW| 
ws;te]^* Ivapour by a second of cold t 
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below '18b'*.:]i.. .' & -• of ^ese &oliB u impojiinat to 

fho eoflineei^ for ii shows Bim tlwt in. tiie conclensen of huc^^ 
png iniaa, hft must provide air-pumps of sufficient capacity to oar^ 
off the steam vapour generated at ev^n low temperatures. It 
was only last year that an acquaintance of the author’s, over* 



looking this point, put in a set of very small air-pumps to a 
pair of marine engines which he was constructing, under the 
impression (due to miscalculation) that all that was necessary was 
to lift the condensed water, and that marine engineers generally, 

[ were putting on air-pumps out of all proportion to the work 
to be donel He soon discovered his mistake, for, on the day of 
the trial trip, he could not keep up a vacuum above a few inches. 
In addition to the steam vapour which is generated at pressures 
below the atmospheric pressure, any air which may have come over 
^ v^th the steam once expands on a reduction of pressure, and 
^ has to be sucked away at every stroke, otherwise it will spoil 
t the vacuum. We shall refer to this point again when we come 
I to treat of condensers and air-pumps. 

The experiment of raising the boiling point by raising the 
pressure is easily done. Procure a flask, as in the former 
experiment, with a ti^ht-fltting stop cock. Half fill the flask 
with water, heat it with the cock open until the water boils 
and all the air has been expelled, then shut the stop cock. 
The steam now generated rises in pressure and temperature. 
The increasing pressur(| raises the boiling point and thus stops 
the violent ebullition, unless heat is applied very rapidly. Allow 
the temperature to rise, say to 240* P., then slightly open the 
cock, ebullition is at once observed, although the pressure is • 
equal to tvro atmospheres above a perfect vacuum. . ^ 



loe 


LBOTITBB VIll. 


Lboturb vnL— Q ubssioitb. 

1. Dewnribe in yonr own words the several effeoto which take place 
in succession on applying heat to a lump of ice enclosed in a cylinder. 
Distingui^ between saturated steam, dry saturated steam, and super* 
heated steam. 

2. How much ice at 0” G. will be converted into water at 5** 0. by mixing 
it with 10 lbs. of water at 80*' 0. ? Am, about 9 lbs. 

3. The latent heats of 1 lb. of water and 1 lb. of steam are respectively 
143 and 966*6 according to the l^ah. scale; work out in full by proportion 
what they are according to the Cent, scale. Am, 79*4 and 537. 

4. How many Britidi units of heat are required to raise 1 cubic foot 
of water (62*5 lbs.) from 15° C. to 100° G.? Ans, 9562*5. 

5. What is the resulting temperature on mixing 20 cubic feet of water at 
212° F. with 100 cubic feet at 10“ G.? Am, 77° F. 

6. The diameter of a cylinder is 20 inches, steam is admitted at a pressure 
of 100 lbs. on the square inch; what is the total pressure in lbs.? Am, 
31,416 lbs. 

7. Steam blows off at 60 lbs. pressure from a boiler by gauges the 
barometer stands at 29 inches; what is the temperature of the water in 
the boiler ? Am, 307°’4 F. 

8. Account for the use of larger air-pumps being used with condensing 
engines ^an would merely suffice to lift the weight of water in the 
condenser. 

9. What is meant by the ** drjrness fraction,” and how is it estimated T 

10. How many units of heat would be absorbed in raising 18 lbs, of 
steiun of atmospheric pressure from water at 65° F. ? Am, 20,044. 

11. How much water at 55° F. could just be brought to the boiling point 
by the latent heat given up by 2 lbs. of steam at atmospheric pressure 
being condensed? Am, (966 x 2) -r 157 = 12*3 lbs. 

12. What are saturated^ superlteated, and wet steam respectively ? Why 
is there a loss of efficiency in using wet steam ? De6ne a thermal unit, and 
explain the method of measuring the latent heat of steam. 

13. If one pound of Hewcastle coal develops 12,000 units of heat b^ its 
complete comhustion, how much water at 60° F. should be converted into 
steam at 212° F. by the consumption of 1 owt. of such fuel, assuming that 
there is no loss of heat during the operation ? Am, 1,201*5 lbs. 

14. At an Electric Power Station, 4,150 units of elebtrio energy were shld 
in 24 hours, the coal consumed being 16,200 lbs. And, on another occa- 
sion, 2,489 units were sold in the 24 hours, the coal consumption being 
lSi,380 lbs. It is known fhat, if units of electricity and weight of coal are 

S lotted on squared paper, the points will lie fairly well on a straight line. 

'he maximum output is i^,000 units. Find the coal consumed in the 24 
hours when there are the daily outputs of 8, 16, 24, and 50 per cent, of the 
maximum. In each case what is the coal per unit? Tabulate your 
answers. (B. of E., 1902, Adv.) 



LECTURE IX. 


Contents.— Total Heat of Evaporation— Quantity of Water required for 
Condensation of Steam, with JExamples— Questions. 

Total ^ Heat of Evaporation. — The total heat of evaporation ia 
the sum of the sensible and the latent heats of evaporation, and 
is approximately a constant quantity for pressures near the 
atmospheric pressure. 

The heat required to elevate the temperature of 1 lb. of water 
from the freezing point, 32^ F., to the temperature of evaporation, 
is called the sensibh heaty* and the additional heat required to 
evaporate it is termed the latent heat (see I^ecture YII.) 

The total heat of evaporation for water is, therefore, the 
quantity of heat in thermal units necessary to raise 1 lb. of 
water from the freezing point, 32® F., to the particular tempera- 
ture at which it is being evaporated, and to evaporate it at that 
temperature. 

Let H stand for the Total heat of evaporation in B.T.U. 

S „ „ Sensible heat „ „ . 

Ii ,, ,, liatent heat ,, „ 

Then, H = S -I- L. 

Now, since we have defbied a unit of heat to be the quantity 
of heat necessary to raise 1 lb. of water by 1® Fah., the amount of 
heat imparted to 1 lb. of water, in raising its temperature from 
33? F. to 212®!^, must be (212 - 32) = 180 such units.t 
Therefore the sensible heat of steam at 212® F., is said to be 180 
units per lb. or 180. Again, we saw. Lecture YII., that the hiani 
heat of steam at 212® F. was in round nui^bers 966 units per lb., 
or 966. 

reason for starting from the freezing point of water, and not from 
zero Fah., is that we thus avoid the introduction of the latent heat of water. 
Of course, IE the water is of higher temperature than 32** F. to start with, 
the heat i^uired to be applied to it to bring it up to the point of evapora- 
tion is correspondingly less. 

t We here neglect, for the sake of simplicity, the addition to our former 
de^ition of this unit (see Ujecture IV.)— “water at its maximum density 
^int,** and, therefore, the very sl^ht difTerencein the sensible heat called 
^ the increase of the spedfio heat of water as it rises in temperature. 
Hiis difference simp^ amounts .to. that between 180 units and 180*9. * • 
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Therefor® the heat of steam at that temperature must he-~- 

^ JEl ^ S 4* Li 

180 + 966 

» 1,146 Units of Heat 


If steam is generated at a higher temperature than 212’’ F*, 
the sensible heat increases, and the latent heat decreases. 

The following formula, deduced from Eegnault’s experiments, 
gives approximately the latent heat ef steam produced at other 
teraperktures FaL : — 

L= 966 - 212®). 

Wheie L, is the latent heat, and the temperature of evapora* 
tion on Fahrenheit scale. 

Consequently, the total heat of evaporation, at any tempera- 
ture, must be — 

H = S + L 

= (<“ - 32“) + 966 - 07 {f - 212“) 

« 1,082-4 + 0-3 e®. 


For eximple. — Let us find from this equation the total heat of steam at 
212® V. Then 212® and *3 x 212=63*6, which, added to 1,082*4= 1, H6, 
the same as before and in Table II. 

The relation between the above heat quantities may be stiU further 
studied by comparing the following Heat Family Tree with Table II. in 
Lecture VII. and Example I. in Lecture XI.: — 


Total Heat Expended, 
H«S+1. 


Increase of S^sible Heat, 
S 


Latent Heat of Evaporation, 
L 


Internal Work Done, or 
increase of Internal energy, 
during evapomtion, 
Hi=sL--Hb. 


Internal Energy, Ej = S+ Hi. 


External Woik Hone during 

P Vo 

evaporation, Hb = — 


For example, select from Table II. any pressure to test the above equa- 
tions. Let p = 100 lbs. absolute, then we see frdm pp. 126, 126, that— 


a> 

H 


HDH 

mm 

Hb 

100 

1,181-9 

297*9 

884 1 

BBI 

81-17 


Here, H 
And Hb 
Hi 

Bh « ~ . 
H«Hb + 


And Bz 


S + L 
UdpiVs V«) 
“ 778 ^ 

L 


297-9 + 884 = 1,181-9 B.T.U. 

81-17 RTV. 

^ Ha = 884 - 81-17 = 802-88 B.T.U. 

S + Hi =297-9 + 802-83 = 1,100-78 B.T.U. 

81 -17 -f 1.100-73 1,181-9 B.T.U.,MiiioM. 
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^ Lscrturb IX.*- Qubstiokb. 

!• If a ponnd of water at 212* F. be mixed with x poonds of water at 60*, 
what is the value of x when the resulMns temperature is 120*7 Acain, if a 
pound of steam at 212* F. be mixed with y pounds of water at 60*, find y 
when the resulting temperature is 120*. Account for the difference be- 
tween X and y. Ans, x =» 1*53 lbs. ; y = 17*6 lbs. 

2, What is the latent heat of steam 7 If a quantity of steam weighing 
one pound, and at temperature of 212* F., is condensed in 100 Ira. of 
water at 60* F., what is the resulting temperature 7 Am, 71*'06. 

3. In a jet condenser the temperature of the condensing water is 60* F. 
and that of the entering steam is 193* F. Also the condenser remains at a 
temperature of 120*. tinder these conditions find the weight of condensing 
water per pound of steam which enters the condenser. Am, 17*63 lbs. 

A If there pass at the same time into the condenser, and from thence 
into the ho Well, 2 tons of water at 55* F. and 1*5 cwt. of steam at 
■atmoroheric pressure, what will be the resulting temperature? Aim, 95**6 F. 

5. Hot- well 105* F., injection 53*, and steam at atmospheric pressure. 
Required number of pounds of steam condensed by 4 cb. ft. of the mjection 
water. Am, 12*1 lbs. 

6 i From 1886 Steam Examination. Temperature of injection water 
60* F., temperature of hot- well 100* F., latent neat of exhaust steam 1016 
units, its temperature being 140* F. ; find the pounds of injection water 
required per pound of steam condensed. Am, 26*4 lbs. 

7. The cylinder of an engine is 74 inches in diameter, and the stroke is 
5*5 fset; what is the capacity of the cylinder in cubic feet 7 How many 
pounds of water must be evaporated in order to fill the cylinder with steam 
at a pressure of 15 lbs. absolute (atmospheric pressure), it being given that 
steam of that pressure occupies 1,642 times the volume of the water from 
wUch it is generated 7 Am, 164*27 cubic feet ; 6*24 lbs. 

8. An engine working without expansion has a piston of 144 square 
inches in area with a 12-mch stroke, and the number of double strokes per 
minute is 60. Steam is supplied at a temperature of 293* F., (the volume of 
1 lb. of steam at 293* F. being 7 cb. ft.), find units of heat required per 
minute for steam from water at 60* F. Ans, 19,753*7. 

9. Define the term heat^^ and distinguish between the heat 

expended in external work and that expended in internal work during 
evaporation. Find in foot-pounds the external work^done in convertfflg 
1 lb. of water at 212* F. into steam at 212* F., having given volume of 1 
lb. of water » *016 cubic foot. Volume of 1 lb. of steam at 212* F. ss 20*4 
cubic feet. Ftessure of steam at 212* F. = 3 14*7 lbs. per square inch. Find 
also the internal work donb. Am, 55,849*65 ft. -lbs. ; 690,365*55 ft. -lbs. 

X0» A unit of heat is sometimes expressed in thermal units and some- 
timql in foot-pounds. Explain the meaning of this distinotionk How 
many foot-pounds of work are done in converting one pound of water 
from a temperature of 104* F. into steam at 328* F. corresponding to an 
absolute pressure of 100 lbs. per square inch? If the volume of 1 lb. of 
steam, at the above temperature and pressure, be 4*33 cubic feet; find 
external work done during formation, and weight of steam used per hour 
^horse-power. Am, 1,108*8 B.T.U.— 856,998*6 ft.-lbs.; 62,352 ft. -lbs.; 
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LBOTTTBB X 

Ck>NTlNTS.— Examples of the Quantity of Water required for Condensation 
of Steam with a Jet Condenser continued-— Also with a Surface Con* 
denser— Tube Surface required under different conditions.— Questions. 

Nqw, let us try the same two questions given in the last LecturOi 
but on the Oent. scale, if for no other purpose than to observe 
the ^eat advantage of using that sgale. 

Eit^her referring to our comparative table of thermometer scales, 
or by calculation (Lecture III.), we observe that — 

212® F. corresponds to 100® 0. 

60® F. „ 15®*5 0. 

100® F. „ 37®-7 0. 

and 1146 units on F. scale = 637 on 0. scale. 

. *. Taking the first example of 1 lb. of water at 100^ 0., mixed 
with. 05 lbs. of water at 15® *5 0., the resulting temperature being 
37®- 7 0., &c. 

The Loss of Heat from the Water at 100® G» = the Gain of HeaJt 
by the Water at 15® *5 C* 

1 X (100® - 37®-7) = aj X (37® *7 - 15"-5), 

,*« 62*3 = 22*2 05, 

Again, taking the second example of 1 lb. of steam at 100® 0,, 
mixed with 05 Ibis, of water at 15® *5 0., the resulting temperature 
being as before 37® *7 0. 


T/m Loss of Ilea^from the Steam out 100" C. = the Gain of Heat 
by the Water at 15®*5 (7. 

1 X (637 - 37®*7) = aj X (37:*7 - 15® *5), 

599*3 = 22*2 a:, 


05 


599*3 

" 2?2 


26*9 lbs. 


If we had taken round numbers on the Cent, scale, as wq. did 
on the Eah..the advantage would have been still more apparent. 
We give another example on the subject of our last ledture 
more in accordance witn what takes place in actual practide. 
The points we have hitherto considered were meant to lead up « 
to this one. We shall again refer to this queoitiou of the ^ 
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quantity of water required for condensation when we come to 
compare the relative efficiences of jet and surface condensers. 

Example. — A. vacuum gauge placed in. the exhaust pipe of a 
lijj^^rprfifisure cylinder indicates ^ inches, while the mercurial 
barometer stands at 30 inches. The temperature of the hot- 
well is 100® F., what is the minimum weight of injection water 
at 60* F. that will produce this result per pound of steam entering 
the condenser I 

Let 30 in. by barometer correspond to 15 lbs. absolute ; 

Then, 30 in. ; 26 in. : ; 15 ; y 

15 X 26 11 

y ss =13 lbs. vacmm. 

Therefore, a 26-inch vacuum corresponds to a back pressure of 
(15 - 13) -2 lbs. absolute. Now, 2 lbs. absolute pressure cor- 
responds closely to a temperature of 126* F. = (see p. 74). 


The Loss of Heat from the Steam at 126® F. = the Gam of Heont 
hy the Wate/r at 60* F. 

The 1 lb. of steam at 126*F. loses 1 x {1082'4 + *3 - (100* - 32®)}, 
= 1052*2 B.T.U. 

The X lbs. of water at 60* F. gaim x x (100* - 60*), 

= 40 a? B.T.U. 


.% 1052*2 = 40 as. 


_ 1052*2 
“ 40 


26*3 lb& 


It will thus be clear on comparing this result with the last 
example in Lecture IX., that almost the same weight of water 
is required per pound of steam, whether the steam exhausts 
at atmospheric pressure or not, for it is the 966 units of latmt 
heiaf which the injection water has to contend with, more than 
the^ few units of sensible heat in the steam. 

We observe that the hot well was 100" F. This gives off 
steam vapour corresponding (see Regnault’s tables, Lecture YH.) 
to an absolute pressure of *942 lb. on the square inch, or about 
-equivalent to a 28 inch vacuum, supposihg no air to be let free 
from the water. Of course, if air is set free, it will reduce 
^ the vacuum still further without a corresponding rise in tem- 
* perature, and thus the advisableness, as we shall see further on,| 
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of freeing from air as Jbr as possible all feed<water to a boileri f 
especially when working with sur&ce condensers. 

In practice the hot-well water in sea-going steamers is kept 
at between 110* and 120* F. In order to do this, the cubic 
capacity of the jet condenser sho^d not be'less than bn^third 
that' 6 f the cylinders exhausting into it, and the weight of 
inj&dtioti water (at a velocity of 30 feet per second) in temperate 
climates from 25 to 30 times that o^ the steam, or from 30 to 35 
times in the tropics. In the Bed Sea the temperature of the sea 
watei^ near surface in the summer season often exceeds 85* F. 

The jet condenser has now, however, been almost entirely 
superseded by the surface condenser, owing to its many im- 
portant advantages, which will be fully detailed when we come 
to describe marine engines using high-pressure steam. Owing 
to the fact that the condensing water does not come into direct 
contact with the exhaust steam, the temperature of the former is 
not raised quite so much as with the jet condenser, in practice 
it is probably never raised much more than, 40* F., so that a 
slightly larger quantity of it is required. The bondensing water| 
is forced by means of a circulating pump through a double or| 
treble series of brass tubes about I inch external diameter,'' 
and generally *048 inch thick. Usually the water is sent first 
through the lower tier of tubes, and then through the upper, 
thereafter discharging freely through the ship’s side into the 
sea, so that the exhaust steam impinges against the sides of the 
warmer or upper set of tubes. 

Suppose the exhaust steam to enter the condenser at a mean 
absolute pressure of 3 lbs., corresponding to a temperature of 
142* F. and to be condensed into water at 120** F. ; also, 
that the circulating water enters at 60° F. (^ 3 ), and is discharged 
at JOO* F. how many pounds of circulating water will be 
required per pound of steam 1 

The Total Lose of Heat from Steam » the Total Gainby Water, 

1 lb. {(1082-4 + -Sf.) - («» - 32)} = ajfbs. (t. - <.). 

1 {(1082-4 + -3 X 142) - (120 - 32)} = *(100 - 60). 

1037 = 40*; .-.*- 26-911*. 

So we see that with the least practicable loss in heat of the steam and 
- the .highest desirable gain of heat by the water, not less than 26 lbs. of 
water are required with the surface^condeuser, whereas with the same 
temperature loss in steam and rise of water temperature from 60* to 120% 
the theoretical quantity of water required with the jet condensen would 
only have been about 17 lbs. It is usual to. allow about 40 times the weight 
of stes^ for general traders and 50 times for ships always in the tropics. c 

Size of Surface Coudensers.^The foregoing oaloulatio^e'afe simple. 



liltemtiliiig 9114 liwtruofdTe exercises to the student* do not tell him 
the sine of condensers adopted in practice. *SD|en ordinajpy low-pwsure 
CondensiniK enidnes were used, it was customar 9 ’*^ 1 %^^itti^^ 

per indicated hOrsetpg^^^P^lMip^l^ 
^jy«r**WMih a tonninid^rrasure os o^lhs* aDsolute> use 
Hi sq. ft per LH.P.*' hfowThowever, since the'ini&6diihilbh'‘of cdahj^Ofidd 
engines, such a **rule of thumb*’ does not hold good, 
toit ia evident that the weight of steam used and to be condensed, varies 
considerably for a uiven horse-power with the initial pressure. ^ For example, 
two different en^nes indicating the sarne power and having the same 
termintU prestture may use the one' steam of 60 lbs., and the other of 200 lbs. 
initial pressure; consequently, the weight of steam to be condensed is much 
less in the second case than in the first, and, therefore, a less condenser 
surface would suffice for it. A common rule is that of specifying a certain 
condenser surface per sq. ft. of boiler heating sur&oe, and the author fihds 
that one eminent firm adopts an average of *7 sq. ft. per sq ft. of boiler 
Wting surface with natural draught. In order, however, to place this 
matter more thoroughly before the student a table marked^ ** Surface 
Condensers” ^s been added to this lecture, from which it will be 
seen that from 22 examples the most natural rule seems to be the ratio 
iuibeisting between the condenser eur/ace, and the product of the capatnty of 
\ow-pre8mre cylinder with the terminal pressure^ which gives a mhan of 
H 24. It is very seldom that engineers go to the trouble of measuring either 
the weight of circulating water or its rise in temperature. 


Mean of Twenty-Two Examples of Subfaob Gondensebs, Made and 
Fitted on the Clyde between 1876 and 1890 . 



Here it will be observed, that with a mean terminal pressure in the low- 
-pressure cylinder of 10 lbs. absolute (or a very low vacuum of not more 
Smn 10 inches) we have 1*95 square feet of cooling surface in the condenser 
to every whereas, with the British battleships, cruisers, sloops, 

and gunboats, built between 1900 and 1903, the mean is 1*1 square feet per 
I.H.F. In t^e U.S. of A. recent similar men-of-war give a mean of 1*3 
square feet per and for torpedo-boat destroyers the ratio Is only *8 

square fopt per I.H.F. This shows the decided tendency to cut down the 
*|(ize and weight of surface condensers. By using more rapidly-acting centri- 
fttgat ciroulfiting for^mci^ting the watei^through the oondej^^and 

I.itP. is obtain^ to the same weight of steam used, ^^may 
fumes reduced In future by einploying highly sup^|t^tca steam. 
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h Wliftt cmaAtfty of water required to obtain oua oubie foot of Atoam at 
2li2*F.t What quantity of heat exlsti in such steam without beiugseusibb 
to the thermometer ? How mueh water at 60^ F. should you allow for the 
oondensation of each cubic foot of steam at 212” F. during the working of 
an eiu^e, hot-well 100” F. ? Ana, 1*05 ob. in. ; 36*7 units of heat ; 1 *02 lb. 

2. The temperature of the^hot well is maintained at 33” G., the temp, of 
the condensing water being 10” C. Find the amount of water for conden- 
sation per lb. of steam at atmos^erio pr^sure. Ana, 21 *4 lbs* 

3. State the essential differences between jet and surface condensation 
of Steam. Deduce a formula for determining the weight of condensing 
water required in a surface condenser, in oraer to condense steam at a 
g^ven temperature into water at a given temperature. The vacuum 
gauge of a surface condenser indicates 22 inches while the mercurial 
barometer stands at 30 inches. The temperature of hot well ss 110” F. 
The condensing water enters at 60” F. and is discharged at 90” F. The 
weight of steam passing through the condenser per minute = 30 lbs. Fiod 
weight of condensing water required per hour. Ana, 168,048 lbs. b 
75 tona 

4. Suppose that in a jet and in a surface condenser the temperature of 
the exhaust steam is the same (say 150” F.), also the temperature of the 
hot-well water (say 120” F.), and the condensing water (say 60” F.) If tha 
circulating water in the latter only rises 30” F., umat are the relative amounts 
of water required per lb. of steam ? Ana, 17*3 lbs. and 34 '6, or as 1 to 2. 

5. In a surface condenser the tubes are } inch outside diameter, 6 feet 
long and *05 inch thick. How many such tubes will be required, and what 
will be the total cooling surface in square feet supposing the terminal 
pressure of exhaust to be 6 lbs., and the I.H.P. 1000? Again, suppose the 
engine to require ^ lb. of steam per LH.P. per minute, and the conditions 
as to temperatuLts to be the same as in the last question, how many pounds 
or cubio feet of circulating water will have to pass through the condenser 




6. In an ordinary good surface condenser 16 lbs. of steam at 55” 0. con- 
denses per hour per square foot of surface, the temperature of the circulat- 
ing water being 15” 0. ; how much heat per second is this per square 
centimetre of surface? If the two skins of the brass were at 55^0. and 15” 
C.^the brass bemg 0*05 inch thick, the conductivity of brass in C.G.S. 
umts being 0*2, mid the heat which would pass per square centimetre. 
To what do you ascribe the small flow of heat in the surface condenser? 
Is there any remedy? (B. of E., 1901, H., Part i.) 

7. In an engine trial the hot well discharge per minute was 29 7 lbs., 
the initial and final temperatures of the circulating water were 4.3*6” F. 
and 96*7” F. respectively, the temperature of the condenser steam was 
123*7” F. and the temperature of the hot well was 113” F. Assuming the 
condenser steam to be just dry, find the number of lbs. of circulating water 
per minute. (C, & G., 1903, 0., Sect. C.) 
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LEOTUEE XL* 

Contents. — ^W ork Done during the Conversion of Water into Dry Steam 
— ^Definitions of Internal and External Work-Efficiency of Steam- 
Efficiency of High Pressure Steam— General Expressions for External 
and Internal Work during Evaporation — Example I. — Uoat Beiected 
to Condenser — Example 11 . — ^Partial Evaporation — Example HI.— 
Generation of Steam in a Closed Vessel — Factor of Evaporation — 
Examples IV. and V. — Steafii Calorimeter or Dryness Fraction Indi- 
cator-Examples VI. and VII. — Questions. 

Work Done during the Conversion of Water into Dry 
Steam. — ^We can now give a more definite account of the dibtn- 
bution of heat expended during the conversion of water into 
steam, and thus prepare the way for a more thorough under- 
standing of the economical use of steam in a steam engine. 

An ordinary steam engine consists essentially of — 

1. A h(M&r wherein the steam at a given pressure is generated 
from water at a given temperature. 

2. A cyUnder containing a movable, steam-tight piston, o ' 
which the steam acts and does useful work. 

3. Frequently, another part, called the condmaer^ is added. 
The function of the condenser is exactly the opposite of that of 
the boiler. For in it, the steam is converted back again into 
water after passing through the working cylinder. Engines 
having only the first two essential parts are called rmi-condensmg^ 
whilst those consisting of the three parts are called condensing 
engines. These three organs are usually quite distinct and 
separate from each other, the connections being made by pipes, 
valves, &c. For our present purposes it will be best to leave out 
of account all connections such as pipes and valves. We shall 
therefore suppose the boiler, working cylinder^ and condenser^ to 
be one and the same vessel. Also, we shall neglect all losses of 
heat, such as that due to radiation, conduction, <kc. Further, we 
shall, in the meantime^ consider the case of 1 lb. of water at an 
initial temperature of 32* F., raised into dry steam at 212* F. 
The pressure of the steam is, therefore, that due to atmospheric 

\ pressure — ^viz., about 14* 7 lbs. per square inch. 

Take a tall cylindrical vessel fitted with a weightless and 
perfectly frictionless piston, and place between the piston and the 
Dottom of the vessel i lb. of water at 32” F. The cylinder being 

* Students will observe that some of the vakies quoted in this Lecture, 
^ to p. 135, from the new Table II., do not exactly agree therewith. 
Thbae numbers are from the Steam Table in previous editions, bu i^ they 
a only vary from thS more exact new table by a small amount not 

affisot the principles and final values materially. 

4 . 
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open at the top the pressure on the pi&ton vdll be constantly that 
due to the atmosphere. For convenience, suppose the cross 


P 



Illustrating External Work done during Evaporation op 
* I LB. 03 ^ Water from and at 212“ F. 


sectional area of the area of the cylinder to be mie square foot (or 
144 square inches). Then, 

Total pii*essme on piston = P = 144 x 147 = 2 1 16‘8 lbs. 

Since 62*5 lbs. of fresh water occupy a volume of i cubic foot, 


I lb. 


occupies 


^- = •016 cub. ft. 
62*5 


The cross area of the cylinder being i square foot, it follows 
that the under surface of the piston will be '016 foot above the 
base of the vessel. 

By applying heat to the bottom of the vessel the temperature 
of the 'water will be ultimately raised to 212° F. The heat 
e:?pended in thlfe operation is (212 -32) = 180 B. T. U. Now, 
the volume of the i lb. of w*ater at the end of this operation is 
slightly greater than *016 cubic foot, as shown by the graphic 
figure on page 67. The piston has, therefore, been raised by a 
small amount, and consequently work has been done in over- 
coming the atmospheric resistance. We thus see that rather less 
than .180 B. T. XJ. are employed in increasing the molecular 
kinetic energy of the water. This increase in the volume of the 
water between 32° F. and 212° F. is so small (being only 
•016 X -043 = *009688 cubic foot (see Fig., page 104)* that it may 

* The volame at 32® of a certain quantity of water is (as shown by 
the^l^ and teict at page 108) = 1*000127, and at 212® F.= 1*043. ^ The 
diflSSWfefe praotioally ss *043. . Ck)nsequently if a certain weight of water 
. unit volume at 3a* F. and increases by *043 unit when its 
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isdlel;]^ be neglected. The piston therefore remains stationery 
between those two temperatures, 

Oontinuing the application of heat to the water at sia® P., the 
same becomes evaporated and the piston rises rapidly, whilst the 
temperature remains constant. Suppose the source of*., heat to be 
withdrawn just when the last particle of the i lb. of water has 
been converted into dry st^un. Then we know that 966*6 
B. T. TJ. have been spent in bringing about this change. The 
piston will now be at a consii^rable height above the base of the 
vessel, and, consequently, a certain fi action of the laUmA heat will 
have been employed in doing work against atmospheric pressui^. 
Beferring to column Vg of the * Table of the Propeities of Satu- 
rated Steam,” Lecture VII , we notice that i lb. of d^ry steam at 
atmospheric pressure (temp raturo 212° F ) occupies a \olum6 of 
26*36 cubic feet. Hence the piston will now stand at a height of 
26*36 feet above the base of the vessel. The vertical displace- 
ment of the piston is, therefore, 26*36 -*016 = 26 35 feet ap- 
proximately. 

A Work done in raising piston 

>1 If 

Or, expressed in heat units „ 


2,116*8 X 26*33 ft. lbs. 
SS »777 68 

55 : 777 ^ _ b.T.U. 


Thus, of the 966*6 B. T. U. of late'tvt heat, 72 25 B. T. U. are 
employed in doing mechanical work external to the substance 
(water) which is undergoing a change of state; while the re- 
mainder (894*35 B. T* 17 .) is spent in bringing about internal 
changes. 

DEFINITION. — The energy spent m hrmgmg ahovl internal 
or maleaular changes in a svhstance is called Inte[^nal Work, 
thal spent on bodies external to the sahstanoe is called External 
Work. 

I^e student must carefully distinguish between internal and 
external work. The foVmer represents energy in the substance 
itself, whether in the form of molecular kinetic energy or that 
' due to change of state ; the latter repiesents energy which has 
passed osid of the substance to external bodies. 


temperature is raised to 212 * F., what will be the increase in volume of 
*0|6 OuMo foot of water under the same oiroumstances ? 4Lns. Iiess. 

1 : *016 : : *014^ ; «. 

. Or, .- 2 !« 2 ^,«o 688 . 

amit 
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distribution of boat in couverting i lb. of water at $9^ V, 
into iry steam F,, may be briefly stated thus~ 

1. Raising Ump, of water from 32* F. to 212® « iSo'oo B.T.TJ, 

2. Intermd work dwring evaporation . . 894*35 ,, * 

3. Mostemal work during evaporation • • 72*25 ,, 

Total Heat Expended^ • . == 1146*6 B.T.XT, 

T^ese numbers are in the proportion — 180 ; 894*35 : 72*25. 
Or, dividing by the smallest number, ^2*25, the proportion is 
2*5 : 12*38 : I. We shall make use of the terms of this propor- 
tion in setting out the diagrams of work in the ease under 
consideration. 

The student knows from his study of mechanics that mechanical 
work can be completely represented by an area or diagram 
of work,** When the effort or pressure is constant throughout 
the displacement (as in the case of the rising piston just referred 
to), the diagram of work is a rectangle, whose height represents 
the constant pressure, and base the given displacement. If the 
pressure varies during the dispLicement (as in the case of steam 
or gas expanding behind the working piston of an engine), the 
diagram of work will not be a rectangle, but a figure bounded by 
straight and curved lines. In this case, the mean height of the 
figure is a measure of the mean pressure exeited during the total 
displacement, and the length of the figure as before represents 
the total displacement.* 

Now, heat and work being mutually convertible, it follows that 
quantities of heat may just as conveniently be represented by 
areas as quantities of mechanical work. These quantities, how* 
eveir, differ in tbjs respect. In the former there is nothing 
corresponding to the two factors, effort or pressure and displace- 
ment, as in the case of the latter. Hence the diagram for a 
quantity of heat may be any shape we. please, so long as it 
contains as many units of area as there are units of heat to be 
represented. It is, however, convenient for our present purposes 
to represent quantities of heat by rectangular areas, and n we 
first draw an ordinary diagram for the external work done during 
evaporation, we may then construct the intertwd work diagrams 
on the same base, the heights of which need only be drawn in the 

* For farther infonnatiln and examples on the subject of graphical 
ll^presemtien of work done by constant and by variable forces, See 
of the Authors “Manual on Applied Mechanics.’* , 
^*^ xyn,, and XVIIL, of the present work 

for theOK^ih|ll|||d actttiu, indicator dislp^ms of work. 
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proportions stated above. This should be clearly understood 
from what follows. 

We have seen that the expression for the external work is the 
product of the two factors — viz., = 2116*8 lbs., and 

d^lmement- 26'^$ feet. 

Or, External work = 21 i6'B x 26*35 = 55, 777‘68 


t 

c 



Diagram showing Internal 
AND External Work done 
IN Converting Water at 
32^ F. INTO Dry Steam at 
212® F. 


Draw two lines 0 P, O V at right 
angles to each other. Along 0 P 
set off O A, to any convenient scale, 
to represent the pressure of 2116 8 
lbs. ; and along O Y set off 0 B, to 
any convenient scale, to represent 
the displacement of 26*36 ft. Com- 
plete the rectangle 0 A 0 B. Then 
O A C B is the diagram representing 
tho extefmal work done duripg the 
evapoiation of i lb. of water from 
and at 212° F, For its area is 
equal to O A x OB, which is thus 
proportional to 2116*8 x 26*36, or 
55,777*68, the number expressing 
the ft.-lbs. of external work done. 

Now, we have seen that the inter- 
ned work done during evaporation 
is 12*38 times the external work. 
Therefore, produce P 0 downwards, 
and cut off a part 0 D = 12*38 x 0 A, 
and complete the rectangle 0 B E D. 
Then tho area, 0 B E D, represents 
to the same scale fis in the pre'^ous 
case, the internal work done during 
the evaporation of the water. 

Bimilarly, on O D produced, cut 
off D F= 2*5 X O A, and complete 
the rectangle D E G F. Then the 


area, D E G F, represents the work done in raising the temper- 
ature of the water from 32° F. to 212° F. 


EMoiency of Steam. — By returning the whole of the steam to 


its initial conditions — ^viz., water at 32° F., with the piston *016 
feet above the base of the cylinder, and repeating the above cycle 
of operations (heatings evaporating, con^nsing and cooling; over 
and over again, the piston will have a vertical 
motion corresponding to that of an ordinary st6am:W|i]^ The 
memmam exe^erwd work done during each qycld;^ijHtt be repfe* 



fitted by t)ie ^aji 

heat expended yiU.^be represented by the ^ much larger area;,' , 
A G G F. VroxXL this we can deduce the expression for the ; 
efficiency of a noV-expansive en^ne using steam at atmospheric 
pressure from feed water at 32® F.^ Thus — 

Heat converted into useftil worlc. 

Efficiency « Total heat expended. 

^ •* =^=' 088»'«-.6-8% 

Hence, under circumstances more favourable than any occurring 
in practice, we see what a small percentage of the total heat 
expended can be usefully employed in the engine. 

The efficiency just found is usually called the Stoanr Efficd^pcy^ 
to distinguish it from the efficiencies of the boiler and the 
mechanism of the engine. The prodtict of the efficiencies of thel 
boiler |md the engine constitutes the efficiency of the whole) 
combination. 

By using feed water at a higher temperature than 32® F., the 
total heat expended per i lb. of water evaporated would be less 
than that found above, and, consequently, the steam efficiency 
would be slightly higher. Thus, in jet-condensing engines, the 
feed water has a temperature corresponding to that of the hot 
well; which, in the average, is about no® F. Hence, taldng 
steam at atmospheric pressure (as before) raised from feed water 
at no® F., we may calculate the steam efficiency as follows : — 

Total heat expended — Increase of Sensible heat + Latent heat. 

„ „ = (212- iio) + 966'6= io68*6 B.T.U. 

External work done «= 72*25 B.T.U. (same as before). 

S^eam Effioieg.oy « « -0670, or, e;70 % . 

This gives an increase of *46 % over the first case. 

^ Efficiency of High Pressure Steam. — Suppose we load tlio 
piston pf the tall (ylindrical vessel to such an extent that the pressure 
produced on the surface of the i lb. of water is, say, 100 lbs. per 
square inch absolute. From what has been already said, we 
know that steam will not begin to be formed (i.e., the water will 
not boil) until the temperature is considerably higher thfui 2 12 ® F. 
The exa^ temperature at which evaporation commences can be 
found from the Table in Lecture VII. Referring to this Table we 
see in columns i and 2 tjiat the boiling point of water subjected 
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to a msaurd of looJ ba per square inch is 327*58® 1^., say, 328* 
F. To make the problem before us more practical, supposewe 
temperature of the i lb. of water to be iio^ F. 

Applying heat to the bottom of the vessel the temperature of 
the \fater rises to 328" F., at which point it remains fixed until 
evaporation is complete. During evaporation the piston ascends 
as before, but not to the same height. Referring again to Table 
II., Lecture VII., we notice, in column Vs, that the volume of 
xibrof dry steam at a pressure of 100 lbs. per square inch is 
4*403- cubic feet. Hence, after complete evaporation, the piston 
will be at a height of 4*403 feet above the base of the vessel. 
The total pressure on the piston is F = 144 x 100 lbs. 

/. External work, Ho, ^ = Px Vj. = F(Vg-Vtt,) 

during evaporation < = (144 x 100) x (4*403 - -016) ft,-lbs. 
per lb. of water, ( = 83,173 ft.-lbs. 

Or, H, = = 81*19 B.T.U. * 

778 

Total heat expended = { Sensible l^at + Latent 

Increase of Sensible heat = 328 - no = 218 B.T.U. 

Latent heat of steam at 966-7(328-212) = 884 B.T.U. 

Total Heat Expended « 218 + 884 = 1,102 B.T.U. 

Steam Eflloienoy =: “ * 0736 , or, 7*36 per cent 

Oomparing these results with the corresponding ones for steam 
at atmospheric pressure, we notice that the external work m 
this case is only 8 94 B.T.U. more than in the former case. This 
corresponds to an increase of about 1 3 *3 per cent. The increase in 
the steam efficiency, however, is but 7 36 - 6*26, or *6 per qent. 

The student may therefore naturally ask, wherein lies the 
advantage of using high-pressure steam? In answer to this 
question, we should first of all remind him that the engine under 
consideration is a nbnrexpansive one. That is, the steam acts on 
the piston with it.^ full pressure throughout the whole stroke. 
Oonsequently, high-pressure steam would not be adopted except 
as a means of increasing the power of such an engine without 
increasing its size. Jp'or, the use of high pressure necessitates the 
employment pf stronger boilers and cylinders, as well as greater 
accuk*aoy in construction. It is only where steam is used expan*- 
sively that hi^h pressures can be ecoUomically and efficiently 
•dopted. 

i>.^e^6«-*Joiile*8 equivalent has been taken as 778 in thnb>t0»JEoc it la 
the most itecent value, as noted at end of Lecture VI ^ m ^ 
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In dra^g % above comparlli^ between the peri^oniOAnces ot 
the two engines (the one nsing loW^pressu^^ and the other b^h^ 
pressure 8team)^we have taken equal tiomgk^i of steam. The 
results of the comparison would, however, be very different if we 
had taken equal volumes. Thus, it is quite clear that steam at 
xoo lbs. pressure, when used non-expansively in a cylinder of 
given volume, would perform ^ * 6*6 times more work than 
steam at atmospheric pressure under like circumstances in the 
same cylinder. But, tW, the weigh& of steam used in the two 
cases would be very nearly in the proportion 6*6 : i, and the fuel 
consumed would be in the same proportion. Now, the object of 
the engineer is to obtain the greatest amount of work for the least 
possible consumption of fuel, and, consequently, the compari^n 
between the performances of two engines should be made with 
respect to the weights of steam used for a given amount of work 
periormed. Neveriheless, it is sometimes necessary to know the 
work dpne per cubic foot of steam used. This may be obtained 
by dividing the work done per lb. of steam by the volume of x lb. 
of steam at the given pressure. Thus — 

Work dom per cub, ft, of\ _ External work during evaporation* 
steam at atmos, pressure, I Volume of i Ih, of steam, 

55>777 68 

If - 26*36 -2x16 ft. lbs. 

Gleneral Expressions for External and Internal Work 
during Evaporation. — We shall now express the preceding 
results in general terms — 

Let » Temperature of steam. 

„ a Temperature of feed water. 

L » Latent heat at temperature ty, 

„ » Pressure^f steam in lbs. per square inch. 

,, V^sa Volume m cub. ft. of i lb. of dry steam at pressure p.* 
,, V^sB „ „ waters *0x6 cub. ft. 


Supposing the steam to be dry^ then, we l^ave— 

..Tow ho.. .xpow«i.fi-StS^*So™»n., 

19 W (^1 

„ n * {ty - y + 966*6 - 7 («i - 212) B.T.U. 

>, », = 1,116 + BT.XJ.t 


* The volume .of 1 lb. of dry steam at a given pressure is sometimes 
called the 8pedfio Volume of steam at that pressure. We find, however, 
that^studj^ta often make the mistake of confounding the term 8pedfie 
Fohemsw^i^t of ** Belauve Volume of Equal Weights of S.eamah^d 
BgjfAy therefore, we prefer not to use the former term, 
t Jh^teed dismembering this final resulv, students should deduce it 
WhA riiq^red,%cxa definitiomM stated in italics abovc^ 




a. Extomal work done 1 _ per tgr.fi. x jnmon gf 

divri&g evaporation J \wlume_duriTi^ evaporamn. 


*144jp(Vd-V„)£t.lbB. 


* sSriSsriwSStttS*} 


= 0e6*e--7 (*, - 212 ) - B.T.P. 


The value of in the expression for external work is so 
small compared with that of for all ordinary pressures, that 
we may s^ely neglect it in most calculations. 

*EX AMPLE I. — How many ft.-lbs. of work are done in convert- 
ing I lb. of water from a temperature of loo* F. into dry steam at 
281* F. (corresponding to an absolute pressure of 50 lbs. per 
square inch) ? The volume of i lb. of dry steam at that tempera- 
ture and pressure being 8*31 cubic feet ; find eternal and internal 
work done during formation of steam, and weight of ste^tn used 
per hour per horse power. 

ANSWER. — Here, «j=a28i* F., ^,= 100* F., p»5o lbs. per 
square inch, V,«=8*3i cubic feet. 


1. TokH heat efepended 

Jnoreaae of eenaible heat 
Latent heaJt 

Total heat expended 

•I ft 

a. External work done) 
during evaporation / 

tt tt 


^ ( Increase of sensible heait 
\ + Latent heat, 
s= 281 - loosiSi B.T.U. 

= 966*6- 7 (281 -2I2)=9i8*3 B.T.U, 
= i8i+9i8‘3=:1098‘d B.T.U. 

= 10993 X 772= 848,659*6 ft, lbs. 

a: I44P V^ 

= 144x50x8*31=69,882 ft. lbs. 


3- 


Internal work done 
during evaporation 

ft tt 

tf tt 


^ (Latent heat qf evaporation 
\ - External work, 

= 9iS*3 X 772 - 59,83? ft. Iba 

649,096*6 ft. lbs. 



4* Let 9!=Weight of steam used per hour per horse power. 

Bzternal work done per 1 lb. of steam formed =59,832 ft. lbs. 
t*. „ „ , as lbs. „ „ = 59,832 « ft. lbs. 

Now, 1 horse-power corresponds to 33,000 x 60= 1,980,000 ft. lb& per hour. 
By the conditions of the question — 


By the conditions of the question — 
59,832®= 1,980,000 
1,980,000 


==88 lbs. 


^Heat Bejeeted to Condenser. — In the preceding examples 
it has been tacitly assumed that during the return motion of the 
^piston within the cylinder, the condenintion of the steam was 
^i^ted under zero pressure — t.a., condensation was so perfect that 
iM'ifeeh preseure was felt on the under surface of the The 

f *^ton, therefore, returned unloaded. The whole pf the eiftemal 
* * Stukents should check jl^ p. 109 and newvTahle tL 
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work done during the upward motion of the piston was, therefore, 
available for uselul purposes. Had the condensation been in- 
complete, part of the ^ork would have been employed in 
returning the piston against the back pressure due to the im- 
perfect vacuum. Such perfect conditions as we have hitherto 
assumed cannot be attained in practice. Condensation is always 
more or less imperfect, and consequently we find that the back 
pressure vcmes from 2 to 5 lbs. pej* square inch in condensing 
engines, to 15 or 18 lbs. per square inch in non-condensing 
engines. A perfect vacuum cannot be attained in practice ; for, 
water at all temperatui'es gives off vapours which naturally 
exerts a certain pressure. Thus, at a temperatuie of about 80* F. 
water vapour exerts a pressure of about *5 lb. per square inch, 
and at a temperature of 102° F. the vapour pressure is i lb. per 
square inch. 

The subject presently before us is to determine the amoimt of 
heat rejected to the condensing water per lb. of steam passing 
through the engine. This, as may be inf ei red from the above 
remark^ depends upon the conditions under which condensation 
takes place. Consideration of the following three cases will give 
the student a clear idea of the distribution of heat in an ordinary 
steam engine : — 

FIRST CASE . — iStbppose condensation to take place wider the 
same presswre as the evaporation. 


Let p = Pressure of steam in lbs. 

per square inch absolute. 
» Volume of I lb. of dry 

steam at pressure p. 

„ Q Total heat expended per lb. 


O 


E 


from feed water temper- 
a to 
sure p. 


ature to steam at pres- 


Eejected heat to conden- 
ser. 



As before, let the i lb. of water 
be heated under the movable piston 
of a tall cylindrical vessel whose 
cross sectional area is one square Extebnal Work Done dub- 
foo.i. For our present purposes, how- Condensation of 

ever, it is best to neglect the atmo- pressuiS^as \hb^v.^^ 
spnenc pressure on the upper surface ration took place. 

of the jfidston, and to suppose the 

ttecSessary prei^ure to be caused by a weight placed on the piston 
The magnitn^' of this weight will be, P = 144 p lbs, 1 

t-v. . 




las taaim 

After the water is coxnpleteljr evaporated, the piston wH^ be ei 
e, height of V, feet above the base of the vessel, and— 


» 4 


Hi 
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Suppose we now convert uhe tall cylinder into a condenser by 
surrounding it with cold water. The weight P, still remaming 
on the piston, condensation will take place under the same con- 
ditions that evaporation took placo— viz., under a pressure of p lbs. 
per square inch. Let the final temperature of the condensed 
steam be the same as the initial temperature of the water. Then, 
during condensation, the heat rejected to the condensing water is 
clearly equal to the total heat expended, or Q units. For the 
heat rejected is derived from the following sources : 

X. TW heat which is derived from the work done By the 
descending piston. Neglecting the very small volume of 
X lb. of water, we see that the work thus converted into heat is 
P.Vj 

which passes through the steam into the con* 

" densing water. 

^ 2. The heat formerly spent on irUemal work during evaporation 

is now yielded up to the condensing water. 

3. The sensible heat given out daring the cooling of the water 
to its initial temperature. 

Hence, in a cycle of operations of this kind, no (waildbls 
external work is done. The external work done during the 
ascent of the piston is undone, or has to be restored duiing its 
descent, thus leaving no work available for useful purposes. 

The results of this case may be stated thus : 




Seat Rejected to Condenser^ Total Heat Eapended, 
* E«Q. 


^ SECOND CASE.— iS'ttppose cmdensation to take place tmder 
fsm pmswre, 

TnUt corresponds to these cases previously considered, and also 
to the case of an engine whose condenser gives a perfect vacuum, 
oirno back pressure. ^ 

' understand this case, suppose at the instant tU co&denser is 

^ ^ 'fUed to the cylinder full of diy steam that the weig* 
the piston. Then, clearly, no esstemdi work^ ‘ 
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the de^nding ^nston during the condensation of the 
Hence, in this 


Heat Tweeted to Gmdmaer = 



CONDBNbATlON OF SlBAM AT CONDENSATION OF STEAM CNDBB 

Zero Pressure. a Back Pressure of pf, lbs. 

PER SQUARE INCH. 


THIRD CASE. — Suppose c(yndefnt 8 ation to toJee pUboe unid&r a 
presswre of pf, Ihs. per square mch absolute. 

Tfiis corresponds to those cases occurring in practice, where 
is the heuih p'esswre on the piston due to the pressure of the 
vapour in the condenser. 

At the instant when condensation is about to take place, 
imagine the weight P to be lifted off the piston and another but 
smaller weight (^= 144 jp* lbs.) to be put in its place. Then, 
during condensation, the piston descends under the load P* lbs., 
and the work done during the descent is converted into heat, 
which passes away to the condensing water. .The heat rejected to 
the condenser is therefore greater in this than in the former case 

P V 

by the amount P^V, ft.-lbs., or B.T.XJ. 

772 


PV P.V 

e-<3-2^SIIjb.t.u. 

•n • 772 

P- 144 and Pj = 144 Pi , 
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The foregolag results coidd have been obtained at once trota 
the Prmo^B of the Conservation of Energy^ thus— 

- /Heat oonverted into useful work 
Total heat expended » | rejected to condenser. 

But, Total heat ex^nded a Q units. 

Seat converted into useful work a ^ units. 

Seal r^ected to condenser units. 

144 

As already explained, the back pressure in condensing engines 
varies from 2 lbs. to 5 lbs. per square inch. In non- condensing 
engines the steam, after performing work in the cylinder, 
exhausts into the atmosphere, and the back pressure can there- 
fore never be less than the atmospheric pressure, in fact it varies 
from 15 to 18 lbs. per square inch. In this case the atmosphere 
is the condenser, but the whole of the heat rejected to it is lost. 
The advantages of a good condenser are thus apparent. For, in 
addition to the reduction of the back pressure, part of the heat 
rejected to it is employed in raising the temperature of the feed 
^ter. 

y EXAMPLE II. — A non-expansive condensing steam engine is 
supplied with steam at a pressure of 45 lbs. per square inch by 
gauge. The vacuum gauge indicates a pressure of 2 lbs. per 
square inch in the condenser. Find (i) the amount of heat 
rejected to the condenser per lb. of steam used ; (2) the steam 
efficiency ; and (3) the weight of water used per hour per effective 
horse-power. liet the temperature of feed water « 100* F. 

ANSWER, — ^The absolute pressure of the above steam is 
45 + 15 — 60 lbs. per square inch. Referring to Table 11 . , Lecture 
VII., we find the temperature of steam at 60 i^bs. absolute to be 
^92 51* F., say, 293" F. j and the volume of i lb. of dry steam at 
the same pressure is Y, = 7 cubic feet. 

Toted I = Increase of Sensible heat + Latent heat. 

Or, per ,0 s q-:(293- 100) +966*6- 7 (293-212)3.!. IT, 

„ ss 1 103 B. T. U. (very nearly). 

Beat converted into Usejvl\ _I44 v 

Work per U). of steam J 772^ •* 

” ” *^(6o-a)x7=7S7SB-T-U* 

Baxio 3 - 7 $ 75 =X 027’36 B.T.TT. 

» BteamBlttoienoy-^-’OeST.w.e-a??^ 
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tut xm yn^i 6t ‘writer used pto imt pet etteotive H,F. 

„ „ ** 144(60-2) X 7 X a: « s8,464aj ft.-lb8. 

Butp I Boraa-pmoer ^ 33,000 x 60 « 1,980,000 ft.-lba. per hour. 

58,464 a? = 1,980,000. 


Partial Evaporation, — Up till no V, our calculations, <bc , have 
been ^based on the assumption that the steam when formed 
contained no suspended moisture. In other words, the steam was 
assumed to be perfectly The steam supplied to an engine 
from an ordinary boiler is seldom in this condition, for it is always 
more or less saturated with watery particles. Even if the steam 
be dry on leaving the boiler, it may enter the working cylinder in 
a veiy moist condition, due to loss of heat from various causes in 
its passage from the former to the latter. Again, large quantities 
of watSr sometimes pass along with the steam from the boiler to 
l^the cylinder, and go through the engine without yielding full 
^return for the heat spent in raising its temperature to that of the 
accompanymg steam. Such large quantities of water are called 
prindTigy in distinction to the smaller quantities which are 
mingled with the steam in the form of a fine spray and which 
we have termed suspended Tuoisture, Priming is generally the 
result of either too small a steam space in the boiler or too rapid 
ebullition, or impurities in the water, or a combination of these 
defects. It may cause a great deal of trouble to the engineer in 
charge, and when excessive, it may result in a fractured cylinder* 
cover or necessitate the stoppage of the engine. 

At present we are, however, not concerned with the effects of 
priming, and shall consequently confine our remarks to cases of 
partfil evaporatioft in which the steam contains moisture hdd in 
suspension. 

Take the case of i lb. of water at 212* P. converted into mi 
steam at the same temperature. Suppose the steam contains 10 
per cent, of suspended moisture. Then only 90 per cent., or *9 lb. 
of the water will be in the form of day steam. Hence, instead of 
spending the 966'6 B.T.U. of latent heat, we only require -9 x 
c)66‘6 as 869*94 B.T.U. to bring about this result. The fraction, *9, 
IS called the dayness fraction of the steam. If the i lb. of water 
h^ Had an initial temperature less than 212* P., say, iqo* R, 
then, the total heat expended would have been (21 2 - 100) + *0 x 
966*6 ■!* 981*94 B.T.U. Oener^lv— ' * 
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Iiet QasTotal heat expended per lb. of wet steam at ten^xatnre 
t^** from water at temperature 
„ Las Latent heat per lb. of dry steam. 

X = Dryness fraction, or dry steam in x lb. of wet steam. 
Then, Q = Increase of sensible heat + latent^ heat. 

But, Increase of sensible heat = ~ heat units. 

Therefore, Q=(ti~t2)+^ I> units. 

i 

We have now to show how the extern>al work done during the 
formation of wet steam is found. 


Let Y« aa Volume of i lb. of dry steam at pressure p lbs. per square inch. 

=£ Volume of i lb. of v>et steam at same pressure. 

Vw = Volume of i lb. of water=-oi6 cub. ft. 

X = Dryness fraction (as befor^. 

Then, Vw, as(t;ol. of dry steam ■{■vol of water) in i lb. of the mixture. 

„ = sr Vf +(V«>— ajVip), t. 

Or, Vw = ajV,+(l-a5) Vw i 

Supposing, then, the piston of the cylinder to be one square 
foot in area, we get — 


Displacement of piston 

•*. External work per lb. 
of wet steam formed. 
>• »» 


*v«„-v«,ft. 

j =I44»(V«,«-V^) 

= 144 p aj (V«„ - Yto) work units. 


Unless for very high pressures, T* is very small compared with 
and may, therefore, be neglected in the above formula. 

EXAMPLE III. — A boiler supplies steam at a pressure of 
90 lbs. absolute, which contains 10 per cenibof suspended moisture. 
The temperature of the feed water is 100* E. Mnd (i) volume 
per lb. of wet steam^ thus formed ; (2) the external and internal 
work during evaporation ; and (3) the total heat expended per lb, 
of steam used. 

ANSWEE. — Here, p == 90 lbs. abs,, and temperature corre- 
sponding to this pressure is 

t w 320 F.; t, = ICO i.; w 

, * * 100 

* Volume of I lb. steam at pressure jp is V, » 4*79 oub. ft. 

Xlcom above fmmuw, we get— 



mnmma cat amu m a oiasbo vessjoi. 


*• ^ V=« (v.-v,)+v« 

='9 ( 479 -’ 0 i 6 )+'<w 6 = 4 ‘ 8 ia Ottb. ft. 
3 . Eztenud work donel_,^„nr -v ^ 
per lb. of wet steam |->44 J»(V.»-v,). 

s 144 X 90 (4'3i2 - *016) ft. Iba 
sS 6,728 ft. lbs. 

Or, „ „ = ^y*y^ = 72‘2 B.T.V. appnmmately. 

3. Internal work done) ^ fXa^ent heat per lb, of wet eteam- 
during evaporation, j {external work 

„ „ =801*9 -72*2=729*7 B.T.IJs 

*• 1 W 1 - »/«*»«*** *«** 

?o”m^e<i ^ r i +'“««»* 


ss(«i-y + »I^* 

=(32 o - ioo )+8 oi *9=1022 B.T.XTe 


Generation of Steam in a Closed Vessel. — Having thus 
considered the whole process of the generation of steam under 
constant pressure, we shall now explain, briefly, the difierences 
between those cases and the generation of steam in a closed vessel. 
This will be of interest to the student since it corresponds to the 
case of getting up steam in a boiler. 

Suppose that we have i lb. of water at a given temperature 
enclosed in a vessel of large capacity. Suppose, further, that the 
only pressure on the surface of the water is that due to the 
pressure of its own vapour. 

By applying heat to the bottom of the vessel, the temperature 
of the water risee as before, steam is generated and its pressure 
increases with its temperature. In previous cases, where the water 
was heated and evaporated under a loaded piston, no evaporation 
took place until the natural tension within Jihe tnass of water was 
sujQSciently great to overcome the superincumbent pressure. In 
the present case, however, the surrounding pressure is always in 
equilibrium with the tension within the mass of water, and« con- 
sequently, evaporation goes on uninterrupted. 

Suppose the capacity of the vessel to be 26*36 cubic feet (the 
volume occupied by i lb. of dry steam at atmospheric pressure). 
Then, when the temperature of the mass has risen to 212^ F., the 
whole of the water will be converted into drp steam, and ^ts 
pressure wUl be 147 lbs. per square inch absolute. Further 
application of heat causes superheating of the steam. Similarly, * 
if the Vessel had a capacity of 7 cubic feet (the volume occupied • 
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V 

by I lb. of dry steam at a pressure of 6o lbs. per square lush 
absolute), then complete evaporation would not occur until the 
temperature was 293'’ F., and the pressure of the 1 lb. of dry steam 
thus formed would be 60 lbs. per square inch absolute. 

In getting up steam in an ordinary boiler, the pressure on the 
surface of the water at the commencement is usually equal to t^t 
of the atmosphere. On applying heat the temperature will rise, 
evaporation, or generation 9f steam, will not commence at once, 
but will be delayed until the temperature has risen to 212* F. after 
which the evaporation will proceed as described above. . 

We have seen that during evaporation under constant pressure, 
a fraction of the total heat expended is transformed into external 
work. But, by the nature of the present case, no such external 
work can be done, and this constitutes the essential difference 
between the two modes of forming steam. Now, it is quite 
impossible to conceive of any difference in the internal energy of 
I lb. of dry steam formed according to either method, so long as 
the pressures are eq\ial. Hence we conclude, that the total heat 
expmded in evaporating water in a doeed vessel is less, hy the 
amownt dvbe to external work, thorn that spent in producing the some 
final result hy evaporating under a constant pressure. 

It is true that during evaporation of the water in the closed 
vessel, work is being continually spent in compressing the steam 
already formed ; this work, however, is done within the mass itself, 
and is but part of the internal work. 

Equivalent Evaporation from and at 212 ^ F. and Factors of 
Evaporation. — In comparing the evaporative results of different boilers, 
it is still a common practice to measure and to state their efficiencies by 
the weights of their feed waters converted into steam per pound of fuel 
burned per hour in their furnaces. This rough-and-ready method is open 
to several objections : — 

1. The fuel may not have the same calorific value in each case. 

2. The stoking may be skilfully performed in one case and not in another. 

3. The temperatures of the feed water may be different. 

4. The pressures of thp steam may be different in each case. 

5. One boiler may be producing dry scUuroited steam, whilst another nmy 

be giving off more or less wet steam and a third svperkeoited steam, 

» It is therefore necessary, in making such tests, to fix upon a fairer 
dandard of comparison, and the one which has found most favour hitherto 
with engineers, is called the ** eqmvaleiU evaporaJtum from and oA 2f2^ 
per lb, ^ fud conswmd per hour And the faxtor of evaporcAwn in this 
ease is, the ratio of the weight of water which could be evaporated as dry 
steam from and at 212^ F. to the weight of water which was aqtiiMbUy 
hesrted up from the feed temperature to and Evaporated at the pr^ure, 
t^pgrature and dryness as steam in the boiler. 

In Table IL under the symbol, E, the values are given for *^F€^rof 
" Equivalent Evaporation at 2ia^ F.*’ for the various absohitispressuretf ^ 
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f>ljbi. (ter «4oa|i^ S^oh, bat tbata volaos ^re ooly a{»ptioaUa to a boiler feed 
wateir temp^awe of 212% and eiiapfy mean that-- 

Ihe Factor of Bqoiir^^ Weight of water which could be evaporated from 

alent Evaporation I w ^ and at 212"* F. onder atmospheric preasure 
for Dry Saturated j "" ijVeight of water actualiy heated Irbm 212 F 'to 
Steam m Table ILJ and evaporated at pressures p or temp. C 

Let us first of all consider the case of dry saturated steam, or what is 
only too often assumed to be steam in that condition. 

Let Evaporation factor where feed water is at t/, 

H » Total heat, as in Table n., from water at 32"* F. to temperature 
• of evaporation C. 

W« » Weight 01 steam per hour per lb. of fuel, at pressure p and 
temperature of evaporation te, 

Wa » Weight of steam per hour for same B.T.U. as with W« from 
and at 212® F. 

Then, by the above definition of this itcmdcvrd of compomson, 

Wa 

The Factor of Evaporation, E/ ~ 

w« 


Buti every 1 lb. of water evaporated from and at 212® F. has only to 
receive the latent heat of steam, or 966 B.T.U. 

And, every i lb. of water raised from the feed temperature t/ to the 
temperature of evaporation ^e® corresponding to the pressure p receives 
H-(</®-32’)B.T.U. 

Hence, W® x 966 = W, [H - {t/ - 32®)]. 

Or * P _ W4 i_H-(</-32*) 

^66 — • 

And, this is what is meant by the ** Equivalmb Evaporation frtm, and at 
212® F.,” as well as by the Factor of Evaporation, 


EXAMPLE IV.— A boiler working at 100 lbs. absolute produces 10 lbs. 
of dry saturated steam per lb. of coal burned in its turnace, and when the 
temperature of the feed water is 100® F.; find the equivalent evaporation 
from and at 212® F.” and the “ factor of evaporation.” Referring to Table 
U. we see, that forp « 100 lbs., H = 1,181*9, and we are given t/ «* loo* 
F., and W« = 10 lbs. 


Hence, E/: 


_ Bc-(^/, 32 ®) 

966 

_ i,i8i*9-(ioo-32) , 
966 


and, Wa = E/ X Wg. 


Or, B/ ‘ 

E/ « 1*163 r and, W« = 1*153 x 10 = 11*63 lbs» 

EXi^iiPLE V. — Suppose, that another boiler also working at 100 lbs. 
absolute produces 10 lbs. of wet ateam^ having 10 per cent of moisture for 
eve^ I lb. of coal burned, when the temperature of feed water is also 100* 
F.^ find its factor of evaporation and equivalent evaporation from and at 
2I2*F, 

HerOi everything is the same as in the previous example except, that we 
have a dryness fraction, w = *9, since 10 per cent, or ^ of the steam is 
w^ as wesaw before, wh^ considering partial evaporation in this lectursb 
is not the total heat of evaporation from 32*, as found in Tfible 
a? L { or the sensible heat plus Utent heat peiii 
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Wh«re) S » Sensible heat required to raise i lb. of water from to t/. 
or S « 297*9 B.T.U., from Table II. 

And) L » Latent heat of dry steam at pressure p and temperatun 
tn » 884, also from Table 11. 

Hanoe, a;^^ g . -«/-3g*) + »L . and, W. = x W,. 

Or B,,- a 97 - 9 -(t<»- 38 )+- 9 x 884 . 

, B/ = 1*03; and, W« = i *03 x 10 *= 10*8 lbs 

Note.'^li an engineer under these circumstances had assumed, that thii 
boiler was generating dry saturated steam (instead of testing i^e Bam< 
carefully for wetness by an instrument such as we are about to describe, 
and finding 10 per cent, moisture) he would have over-rated the boiler ai 
capable of producing 11 *53 lbs. of dry steam from and at 212** F. instead o; 
only 10*3 lbs, This over-estimate would have been nearly 12 per oent.^toc 
much. We shall deal with superheated steam in Lecture XY. 

v/ Steam Calorimeter* or Dryness Fraction Indicator.— 
Of late, many efforts have been made to devise, construct, anc 
use an instrument which would enable the engineer tb tel 
accurately and quickly the wetness of the steam he was usin| 
under difierent circumstances and from different kinds of boilers 
Although many forms of such an instrument have been placec 
at the disposal of the engineer, yet there seems to be a belie 
that they do not indicate correctly under widely different con 
ditions. However, we herewith illustrate, describe, and give ai 
example obtained by means of the steam calorimeter originally 
designed by Mr. George H. Barrus, of Boston, U.S.A., and made 
in this country by M*Innes-Dobbie, of Glasgow. This instru 
ment, if thoroughly lagged throughout, and skilfully used 
does give useful results. Its construction and action wil 
form a fitting termination to this Lecture, and the studem 
should therefore study the same with due interest. 

, The following apparatus consists of two distinct parts, YhL 
^ (1\ The wet steam separator chamber, S 0. 

(2) The wire-drawing or throttling chamber, T 0. 

To enable the student to clearly understand the separab 
actions which take place in the two chambers, S 0 and T 0, le 
I us assume in the first instance that the throttling chamber ii 
removed, and that the copper coil or cold water condensing pip< 
is transferred from the outlet pipe, O P, to the discharge branch 
D B. Then, the percentage weight of moisture which thi 


* As will bo seen from the definition of calorimetry, and its derivatioi 
given in Lecture lY., the term steam calorimdler is a misnomer ; for, wi 
do not measure the quantity qfheat per lb. of steam, but simply attempt U 
ascertain the dryness fractvmf or the wetness or percentage of moisture ii 
a steam supply from a boiler to a plant by means of this InstramagdA J 
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Separating <£araber would trap and detect will be found aa 
follows . 

To find ihe dryness fraction of steam hy mea/ns of the separatmg 
chamber alone , — Steam must be allowed to pass for a short time 



The Babbus Steam Oalobimetab. 
Made by M*Innes-Dobbie, of Glasgow 


^ Some engineers object to the calorimeter steam inlet pipe, I P, having 
it« mid dos^, with only thin slits on its top side, as this wire draws 
the steam at that point. It might, thereby, convey to the calorimeter 
drier steam than was passing along the steam pipe, S P, to the engines. 
This emr may be obviited by so perforating IP that the steam freely 
enters it through holes drilled on all sides; the combined area of these 
holes being greater than thiScross-sectional area of the IP nine. The main 
ob]^ of the particular form of inlet to IP, as well as the distance iio 
wmc|; it is inserted into S P, is to obtain a fair average sample of the 
smoi which does pass, under recognised ccmditions, from the bouer to the 
(p^e or other appliance where it is used. 
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Ar6ttgh ihe cteparating chamber, S 0 , by opening 8 Y and W 
in order to warm it; otherwise a quantity of water would 
aooumulate, due to initial condensation. Then close W T, and 
the steam, after passing through the separating chamber, will 
be condensed^ by means of the copper coil which is attached 
to D B, and immersed in cold water. This coil should haye 
sufficient cooling surface to condense all the steam. The con- 
densed steam thus formed «is collected in a vessel as it drops 
from the outer end of the copper coil, and carefully weighed. 

When the copper coil is used for condensing the steam, the 
** dryness fraction ” is calculated thus t — 

Let Wj = Weight of dry steam condensed by the copper coil. 

W2 B Weight of water found in the separating chamber, 
or weight of trapped moisture obtained from WT. 
fiB B “ Dryness fraction ” of steam. 

Then, , 

W 

Total weight of steam used = W^ + Wg. Hence, x = 3 =. 

Wj + W^2 

EXAMPLE YI.~-If Wj = 21 lbs., and W^ « -3^ IbT, ^ 

The dryness frcwtiony x = — — ~ ’85. 

Or, „ „ X = 85 per cent, of apparently dry steam. 

The amount of moisture found in the steam is therefore about 
15 per cent, by this first chamber alone. 

Second. — To find the dryness fraction of steam hy meams qf the 
wiredrat/omg chamber alone. — When the amount of moisture 
present in the steam is not above 3 to 4 per cent., a throttling 
calorimeter may be used. In this form of calo^meter the e^eam 
passes from the main steam pipe, S P, at boiler pressure into 
the throttling chamber, T 0 , wherein it falls nearly to atmo- 
spheric pressure, and passes away by the exhaust outlet pipe^ 

0 P, at the bottom of the chamber. The temperature, of the 
steam as it comes from S P, is obtained by a thermometer placed 

1 in the tube, T^^. This temperature, enables us to ascertain 

from the tables in Lecture YIl. and text of Lecture IX. the 
sensible heat, S^, of the steam at that temperature, tv. The 
teifiperatnre, t^y of the steam in this chanj^ber, T 0 , is taaen by 
meana of a thermometer placed in tube T^, and this temperature 
is then compared with the normal temj^erature, of the steam 
dfie to its pressure, as found by an attached steam gauge at this^^» 
place, and from the tables in Lecture VII. v ^ 

f he aotion of this wire-drawing part depende 
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ihiE^t of $teAkii at^tbe higher pressure is greater 

than the total faeatoat the lower presaure. Hence, a> quantity of 
beat is set free from the steam as it drops in pressure. It is this 
heat which first, to evaporate and convert the suspended 
globules of water into steam; and, second, to superheat the 
steam at the lower pressure, if the excess of heat be sufBloient to 
do so. 

Let Hti == Total heat per ponn(f of steam passing at the 
, temperature ti, 

„ Ht 2 = Total heat per pound of steam passing T2 due to 
its reduced pressure at temperature t^, 

, ~ Sensible heat per pound of steam at temperature 

t^ from 32“ F. 

I, S2 »» Sensible heat per pound of steam at temperature 
«2 from 32* F, 

y L| s Latent heat per pound of steam at temperature 

II L2 = ,, „ ,1 ^ 2 * 

„ X ^ Dry steam per pound of steam generated, or 
the “dryness fraction.” 

„ Hg- = Specific heat of steam which is taken as *48 and 
constant. 

„ t^ a Temperature of steam in main steam pipe, as 
measured at tube T^. 

„ <2 = Temperature of steam oelow W P through which 

it has been wire-drawn to a lower pressure, 
and measured at tube Tg. 

„ tg B ]!Tormal temperature of steam in T 0 due to its 
pressure by gauge. 

But, Hti Si + » Lj, and H®, **82 + Lg, when the moisture 
* * a is just evaporated (from Lectures IX. and XI.). 

If there be sufficient excess of heat to superheat the steam at 
Tg, then the heat required to do so ~ Ha (tg - tg). 

Therefore, Hj, = Hj, + Ha (tg - tg), * 

Or, Sj + as Lj = Sg + Lg + *4^ (^2 “ ^a)* 

Heaoe, « = ga - Si + h + '48 (<, - ^ 

BXAMPL® VIL— Let = 338* R, tg = 250* F., and 
fg ItuK value is ti^e temperature of saturated 

^ table, Lecture VIL, corresponding to an absolute 

Jfrasflm lbs. per sansre inch, or exhaustinn at, say, i lb. ' 
^bAwLaAmoenherib nressuiia. 
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Then, from the tables, Lecture VII., and reckoning from 32* F, 
as the zero of temperature, we get; — 

1,147 9 B T.TT., Li = 876 3 B.T.U., » 3087 B.!.!!. 

_ S2 •4- Lg + *48 (<2 ~~ ^s) "" ^1 

^ _ 1,147*9 + (gSQ - - 3087 

■876*3 

^ 839*2 + 16*176 855*376 

876*3 876*3 ‘ 

OS = 97*6 per cent. Or, the weight of moisture 
computed from the formula is about 2^ percent. 

When the steam is first passed through the separating 
chamber, S 0 , and then through the throttling or wire-drawing 
chamber, T 0 , on its way to the copper pipe condensing coil, 
as in the form of instrument just described and illustrated,- 
then the total percentage of moisture in the steam as it 
comes from the steam pipe, S P, is obtained by one test, and the 
separate results from the separator chamber, S 0 , and throttling 
chamber, T 0 , have to be added, to give the total moisture found 
in the steam. 

In the above example we found that the water collected from 
the separating chamber, SO, was . . . = 15 per cent. 

And, the water collected from the wire-draw- . 

ing or throttling chamber, T 0 , was . = 2J „ 

Hence, the total quantity of moisture present 

in the steam as it came from S P was • « 17^ „ 


Then, 

Or, 

{. 6 ., 

Hence, 
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1. How many foot lbs. of work and nnlts of heat are absorbed in oon- 
vertlng 5 lbs. of water at 32** F. into dry steam at atmospheric pressure f 
Illustrate your answer by Vagrams similar to that given in the Leoture* 
showing the internal and external work done on the water by the heat. 
Ans, 

2. Define the terms ** Internal Work’^ and ** External Work,’* with 
refere(Doe to the generation of steam. How is the efficiency of a steam 
engine e^ressed? Illustrate your answers by taking an example and 
working out the various quantities arithmetically. 

3. A boiler generates dry steam at an absolute pressure of 93 lbs. per 
square inch from feed water at 60” F. What percentage of heat will be 
saved by a feed-heater which raises the temperature of the feed water to 
212* F. ? Avs. 13*18 per cent. 

4. A non-expansive engine uses steam at an absolute pressure of 60 lbs. 
per square inch, and makes 60 double strokes per minute. The area of the 
piston is I square foot, and the length of the stroke is 12 inches. Find 

(1) Weight of steam used per minute; and (2) Total heat expended per 
minute, the temperature of the feed water being as 60” F. Aim* (i) 17*14 
lbs. ; (2) 19,600 B. T. U. 

5. A lb. of water at 60** F. is converted, at constant pressure, into dry 
steam at 75 lbs. per square inch absolute. Find (i) Total heat expended ; 

(2) External work done during evaporation ; (3) Internal work done during 
evaporation ; (4) Work done in raising temperature of water. Oonstxuot a 
diagram showing graphically these various quantities of work. Am* 

(1) 1148*35 B.T.U. ; (2) 79*72 B.T.U. ; (3) 821*13 B.T.U. ; (4) 247*5 B.T.U. 

6. Suppose, in Question 5, that the 1 lb. of water had been converted 
into wet steam containing 10 per cent, of suspended moisture. Find (1) 
Internal work ; (2) External work done during evaporation. Ans. (1) 738*27 
B.T.U. ; (2) 71*73 B.T.U. 

7. A boiler supplies steam with 10 per cent, of suspended moisture, the 
evaporation taking place at 320° F. from feed water at loo” F. Find total 
heat expended per 1 lb. of steam formed, and the weight of water which 
could be evaporated from and at 212** F. for the same expenditure of heat. 
Ans. fQ22 B,T.U. ; ^056 lbs. 

8. An engine works non-expansively with condensation. The initial 
pressure of the steam is 25 lbs. by gauge, and the back pressure is 3 lbs. 
absolute. Temperature of feedwater 104” F. Find (1) Effective work per 
lb. of steam used ; (2) Weight of steam used per hour per H.P. ; (3) Total . 
heat expended per hour per H.P. ; (4) Steam efficiency ; and (5) Heat 
rejected to condenser per lb. of steam used. Ans. (1) 69*6 B.T.U. 

(2) 37 lbs. nearly ; (3) 40,381*8 B.T.U. ; (4) 6*5 per cent 

9. What do you understand by ** saturated steam** and ** specific 
volume ** of steam ? A locomotive has two cylinders each of 18 inches 
diameter, the crank-arm measures 13 inches, and the engine makes 200 
revolutions per minute. If the initM gmae pressure of the steam is 160 
lbs. per square inch and it is cut off at | of the stroke, how many gallons 
of wi|gr vmuld be required per hour for the supply of the boiler ? Neglect 
all IdsM^m condensation and leal^age. 1 lb. of steam at 175 Iba 

*'9 cubic feet. (S. A A., 1897, Adv.) 
oa^orifio value of a fuel is 15*5 in standard evaporation units. • 
How mudh steam at 300* F. will such a fuel produce if the feed water is at 
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WV., Md tt heat could be utnisedj Wlyfa » 

all tlw beat even in the most perfect boiler t ffi. <s A», 1898, A<wj 
11, What is the volume of 1 lb. of steam at 165° 0., the latent heat being 
890 to pound centigrade uidtsT To find dpjdt approximately, nee squared 
paper and the following information 


9* Ov, • . . . • 

160 

165 

170 

Pressure in lbs. per square foot, 

12,940 

14,680 

a 


Prove your formula (B. of E., 1900, H., Part i.) 

12. Bescribo a wire-drawing calorimeter for determining the wetness of 
the steam flowing along a steam pipe. What do you consider the chief 
difficulties in obtaining accurate results with such an appliance. In a test 
made with such an instrument the temperature of the wet steam was found 
to be 327*5® F., and after passii^ the wire-drawing orifice the temperature 
of the dried steam was 247*5° F. What was the wetness fraction for this 


steam? (C. & G., 1900, H., Sec. B.) 

13. An u '^ine uses 12*3 lbs. of steam per hour per H.P. developod. This 
steam is supplied to it superheated 150® F., and at a piessure of 160 lbs. 
absolute, the saturation temperature for such pressure being 35b° F., the 
boiler feed temperature is 125® F. : calcalate~(a) How many thermal units 
per hour per H.P. have to be supplied to the steam by the boiler and 
superheater (the total heat in a pound of saturated steam from a feed 
temperature of 32° F. is := 1,082 -f 0*3^ thermal units, t® being *the tem- 
perature of the steam, and the specific heat of steam at constant pressure 
maybe taken as 0*48); (5) How many thermal units are converted per 
hour per H.P. into work ; (c) The thermal efficiency of the engine. (0. A 
G., 1900, Sec. 0.) 

14. A steam electric generator on three long trials, each with a different 
point of cut-off on ste^y load, is found to use the following amounts of 
steam per hour for the following amounts of power 


Lba of steam per hour, . 

4,020 

6,650 

10,800 

Indicated horse-power, . 

210 

480 

706 

Kilowatts produced, • . 

114 

290 

■9 



the indicated horse-power and the weight of steam used per houfs 
kilowatts are being produced. Find in the four cases ^ 
of steam used per Board of Trade unit (that is, per kilowatt hour). 
,1901,Adv.) 

An engine uses 4,000 lbs. of wet steam per hour at 170^ 0., there 
90 per cent, steam and 10 per cent, water. If the feed Water was at 
LOW mtioh heat is supplied T If the indicated horse-power is 140,^ how 
heat energy is indicated per hour? If^we imagine no heat to b$ 
led, and if Gie circulating water^f the condenser m raised 
lbs. of circulating water are being used per hour? {B«of E., 190LAdtO%> 
in a oentral station it is ^und that during sevex^ ds^* 
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108 tcmfl of <Mi* <)Q 9 ting 218., H* « toti> havo beoxi bnmt* and t)iat 
180,400 g41to&B of water have been used, the price of the water 
being 4d. a thonsan# gaUoos. The energy develop^ and cold during 
this period iff equivalent to 84,320 H.P.-hours. "Find (a) the coal used 
per BLP.-hour; (o) the feed water evaporated per pound of coal; (cVthe 
steam used per &r.-honr; (d) the cost in fuel and water per H.P.*honr. 
la A 0.> ISOl, 0., See. 0.) 

17. Using the formulas on the examination tables given you ; find the 
heat given to 1 lb. of feed water at 40^ G. to convert it into wet steam (15 
per cent, water) at 170'* G. If 25 lbs. of this wet steam reaches the cylin- 
der per horse-^wer hour, what percentage of the heat leaves with the 
exhaust c^r is radiated from the cylinder? (B. of E., 1902, Adv.) 

18. A ^ven kind of coal, when burnt in one furnace, is found to evaporate 
9 lbs. of water per lb. of coal from CO"" F. at 324° F., and when burnt) in a 
second furnace evaporates 8*5 lbs. of water from 104° F. at 350° F. The 
steam from the first boiler contains 10 per cent, of moisture and from the 
second 5 per cent. Compare the evaporative efficiencies of the two boilers. 

' (Note, H = 1082 + -306 i.) (C. & G , 1902, 0.. Sec. C.) 

^ 19. In the high-pressure cylinder of a compound engine it was found that 

the pressures (in lbs. per square inch absolute) at the points of out-off, 
release,^nd compression were 64, 15*2, and 14*8 respectively, whilst the 
volumes as given by the card (including the clearance volume) weie 2*92, 
13*24, and 1*52 cubic feet respectively. The hot well discharge per minute 
was 29 lbs., and the number of working strokes 48. Assuming the steam 
shut in at the point of compression to be dry, find the dryness fractions of 
the steam at the points of cut-off and lelease, having given that the 
volumes of Idb. of dry steam at the pressures of cut off, release, and com- 
TOession are 6*6, 25*5, and 26*3 cubic feet respectively. (C. & G., 1902, 
H.. Sec. B.) 

20. In order to test the dryness fraction of the steam supplied by a boiler, 
steam is led from the boiler into a tank containing a known weight of 
water, and the temperature before and after the steam is admitted, and 
also the quantity of steam admitted, are accurately determined In one 
trial the boiler pressure was 174 lbs. absolute (corresponding temperature 
370° F. ) and the initial and final temperatures of the water were 74° F. and 
102*2° F. respectively. The weight of water originally in the tank was 
4,085 lbs. , and the weight of the steam blown in was 1094 lbs. The weight 
of tlm ta^ itself was 876 lbs., and the specific heat of the material of 
which it was comp%ed was 1. Assuming that the water and the tank are 
at a uniform temperature, find the dryness fraction of the steam 
(H 1,082 + *3050. (0. & G., 1902, H., Sec. B.) 

21. In connection with the steam or gas or oil or spirit engine work with 
which you are acquainted, there is testing of somef sort to be done requiring 
careful measurement of work or heat. For example, finding the calorific 
value of coal, gas, or oil ; finding the latent heat of steam, or how its 
pressure depends upon temperature; finding the wetness of steam during 
an engine test ; comparing the power of an engine and the quantity of heat 
or of steam or gas or oil used per hour. Describe, with sketches, some one 
such test. (B. of 1903, Adv. and H., Part i.) 

22. When comparing different boilers, what do we take as the standard 
of evaporation? Feed water, 25° G. ; steam, 15 per cent, wet— that is, 
thw m 0*15 lb. of water tc^*85 lb. of steam leaving a boiler at 180° 0. K 

- wet steam leaves a boiler for every lb, coal burnt in tfie 

^ evaporaisve value of the coal, reduced to standard • 
evaporation? (B, of 190^ Adv,) 
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23. Wl^t is the oa;aB 9 of priming in boilers? Even if theboiwdoei(i|ot 
prime, why may wet steam reach tbe cylinder? What may be done to 
prevent it? Even if only dry steam enters the cylinder, why mi^ there 
Be condensation on admission ? Why is this harmful ? What may be done 
to prevent it ? (B. of E., 1203, Adv.) 

24. Feed water, 25^ 0.; steam, 10 ber cent, wet— that is, there is O'l lb« 
of water to 0*9 lb. of steam at 170® C, If 25 lbs. of this wet steam enter 


the cylinder per hour per indicated horse-power, how much of the heat 
passes to the exhaust ? If the stuff leaves the cylinder as saturated steam 
and water at lOS** G., what is itswetness? Neglect radiation or other loss 
of heat by the cylinder. (B. of E., 1903, H., Part i.) 

25. Given the following numbers for steam, use squared 'paper to find 
^Idt at 150** G. The latent heat of steam at 150® G. is 500*8 in pound 
Gentigrade imits, find the volume of 1 lb. of steam at 150® G. 


fl*. 

145 

150 

155 

Pressure in lbs. per square foot, 

8,698 

9,966 



Prove your formula. (B. of B., 1903, H., Part i.) 

26. Describe, with sketches, any form of calorimeter with which you are 
acquainted for determining the dryness fraction of boiler steam. In a 
combined separating and wire-drawing calorimeter the following observa- 
tions were made : — Quantity of steam obtained from separator, 2 lbs. ; 
quantity of steam condensed after wire-drawing, 38 lbs. ; steam pressure 
before wire -drawing, 102 lbs. abs. ; oorreroonding temperature (from 
tables), 329® F . ; steam pressure after wire-drawing, 15 lbs. abs. ; corre- 


wire-drawing, *240° F. Assuming the specific heat of superheated steam to 
be constant and equal to *48, estimate the dryness fraction of the original 
steam. (G. & G., 1903, H., Sec. B.) 
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OoNTJEBNTS.— Pressure and Volume of a Gas— Boylo*B Law— Pressurai^^ 
Volumoi and Density— Watt’s Diagram of Work, with Examples-^ 
Questions. 


Prassure and Volume. — We saw in Lecture VIL, by the: 

experiment with Marcet’s boiler and from BegnaulVa tables, 

that the pressure of steam increased with ^ 

the temperature ; we now come to consider jj| 

idle relation which exists between freBswirt 

Q/nd vohme, ■ 

To understand this we here state the I 

Jket hm in regard to the expansion of 
gases, viz., Boyle’s, and then give a class H 

experiment to prove it. W 

Boyle’s Law. — The pressure of a por- H 2 ^ 

tion of a (perfect) gas at a constant temr Bf 

pefatu^e varies inversely as the space it IgT 

occupies. I 4 

Or, let p — piessnre in lbs. per sq. in. IT*® 

V = volume m cub. ft. per lb. weight. B 

Then V B constant. I 

To illustrate this law the following BT® 

simple piece of apparatus may be used : — M 

It consists of a small metal box, B, to 8^ H 

which are attached two glass tubes, G T, JILio 

one a little more than 35’^ long, and the jT I 

other fully 10"^ A stop-cod, S 0, is 1 1 « 

screwed into the metal box, and the short Jl ^ , |B ^ 

tube is provided with a screw plug, S P. "lir* ’ g ® 

The whole is fixed to a board, on which qj H ■ 

there is a graduated^ scale of inches. ■ I 

Mercury is poured into the long tube ojf— 

and the screw plug, SP, is taken out r® 

until the merou^ rises^'in both tubes to | B 
^e zero line. The screw plug is then ^ T 
replaced and encloses a column of air .. 

80r,|top5«K^’’ 

the oaroineter to stana at ov , we now SP Screw tlugf 
pooling merooij into the long . 

optil, tine level of menon^ in it , Mi ^ve % 


« metmj in it , Mi |Mve % 




kW «h}i 

fihi!daohf!d| in tiie short tube will he foiind to stSAu 

«,t llie ahr in tht short tube has th^ boon subjected to 
an additional pressure of 30" of mercury, i.s.» to an additional 
pressure of one atmosphere; therefore, its pressure has been 
doubled. Before applying this pressure it occupied 10" of the 
tube; hence we see that its Tolume has been reduced by 
one-ludf by doubling the pressure on^it, in accordance with the 
law just stated. It is important that the student should not 
overlook, the foot, that this law is true, only when the tern* 


perature remains constant. 

Since the pressure of an enclosed perfect gas kept at a constant 
temperature varies imerady as its volume, and since the density 
or weight per unit volume of the same, varies inveraeiy as its 
volume, it follows that the pressure varies directly as the density. 

This law is not perfectly fulfilled by any actual gas, but very 
nearly so by those gases which cannot be condensed into liquids, 
such aiHCir. When a gas is about to pass by condensation into a 
liquid (ap., steam on the point of being transformed into 
water), imen the density increases more rapidly than the 


pressure. 

Watt^ however, assumed that Boyle’s law held good in the case 
of steam, and he applied it in a most ingenious manner to prove 
the economy of the expansive working of steam in a cylinder, 
and to show that he could get a greater amount of work from 
the steam by cutting it off early in the stroke, and thus allowing 
it to force the piston forward during the remainder of the stroke, 
merely by expansion. 

\/ WawB Diagram of Work. — ^Although, as we shall see later on, 
steam does not expand in strict accordance with Boyle’s law 
(for ^6 temperature of the steam ffdls the more it is expanded, 
unless external flbat is applied to it, to make up for the loss due 
to the work got out of it), yet we shall gain a great insight into 
the action of steam in an engine cylinder, by first discussing 
**Watt’B Diagram of Work done during Expansion," and then 
applying the corrections that have since been found necessaty, in 
order to truthfully represent the actual state of matters. 

The following figure will illustrate to i^e student iJie method 
adopted by Watt. The horizontal line, or abscissa, A B, indicates 
thelepgth of the stroke, and is divided into 10 equal parts; ths 
ver&sal line» or ordinate, A 0, represents the pressure of steam 
used ^by Wati^ say one^tmosphere, and is also diyided into 10, 
fNtrta of an annosphere of pressure. When the pist<m 
distsnoe^ OD, aa, A or | of th^ stroke^ jl^e , 
aud reiuiiiiiider of the st^ke is otfeotM bv 
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Watt’s Diaqbam ov Wokk. 


the expansive action of the steam. The gradually falling curve, 
D B, marked “durve of pressures,*' is found by drawing verticals 
from each of the divisions of the stroke, 3, 4, ... . 10, and 
marking them off in height corresponding to the pressures, jp, 
at these points by the following formula, and joining their upper 
ends by a curved line ; — 

. ^ constant 

p e » a constant, or /? = . 


Where v = the volume swept out by the piston at the several 
points, and is, therefore, represented by the different distances, 
2, 3, ... . 10, from the commencement of the stroke. 

For example— 


At point of out off 
p ^ I 
V =s 2 

.'•Constants; pv 
„ =1x2 

» =2 


Bnd of stroke, 


tl, p 





Atmosphere 
. 1 

2 .P 

. 

. 


. 

. 

1 

3 , p 

= 

constant 

V 

SS 

f 

= 

0*66 

4 .P 

= 

It 

s: 


ss 

0*5 

6 ,p 

S= 

It 

=s 

t 

=s 

0*4 

6 ,p 

= 

91 

sm 

} 

= 

0*33 

r.P 

= 

>1 

= 

f 

=s 

0*29 

8 ,p 

ss 

ft 

SS 

i 

= 

0*26 

9 , p 

r: 

II 

SS 

« 

ss 

0*22 

10 , « 

= 

It 

ss 

A 

SB 

0*2 




Dividing by the Number ^ Farts, viz.> 

* We get roughly a Mean ftessiue 

*TT^ jpewt prsMurs is less thsp the true .uesu as e;q)leined at next and Ui 
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% tho aeyeiral prwuros, and dividing them by the 

number of df^<^ taken — ^viz.| 10-^we get the average presaure 
throughout the stroke^ « *485 of an atmosphere, or nearly half an 
atmosphere. The economy of cutting off the steam before the 
end of the stroke will, therefore, be at once apparent, for we 
have obtained an average pressure equal to nearly half that 
which would have been obtained by carrying full steam pres- 
sure throughout the whole stroke, and have only used 4 of the 
quwtity of steam. 

Since ^work done is measured by force or pressure, multiplied 
by the distance throu^ which the force or pressure acts, the 
area ot the rectangle, AD (see upper part of previous lig.), being 
equal to the pressure, AO, if reckoned in lbs., multiplied by the 
distance, A 2, or, 0 D in feet, measures to scale the work done 
upon the piston by the steam up to the point of cut-off in foot- 
pounds or units of work. In the same way, the area of the rest 
of the«4gure — viz., D E B 2, measures to scale the work done 
upon the piston by the steam while expanding in the cylinder, 
^so in foot-pounds; for this area is equal to the mean pressure 
in lbs. between the points, D and E, multiplied by the distance, 

2 B, in feet. Consequently, the area of the wfwU figure, 
A 0 D E B, measures to scale the whole work done by the steam 
in one stroke in foot-pounds. This area is equal to the calcu- 
lated mean pressure throughout the stroke, multiplied by the 
whole stroke, A B, and expresses the result of Watt’s diagram 
of work. Watt, in calculating the mean pressure throughout 
the stroke, assumed that the pressure at each of the points into 
which he divided the stroke commencing with number 1, 
remained constant until it arrived at the next in orde^r, by 
which method he obtained a less value than the true mean, 
becaawe he omitjjed to take into account the ordinate of pressure 
at the point. A, or the very commencement of the stroke. If 
we now take into account the first ordinate at A, as well as the 
last one at 10, we have the following eleven pressures: — 1, 1, 1, 
*6, *5, *4, *3, *29, *25, *2, and % giving a total sum of 5*%6, which 
sum beine divided by the number of ordinates, viz., 11, gives us 
a mean of *532 of an atmosphere instead of *485, or nearly 8 lbs. 
pressure on the square inch, which is a nearer approximation to 
the true mean. 

Let us take another example of Watt’s diagram of work, taking 
the first as well as the last pressure ordinate into account^ in 
order to get a nearer approximation to the true mean. Suppose 
ve^ve an engine using steam of 100 lbs, pressure per square 
<and cutting off at 4 of the stroke, to find the curve of ^ 
«3||nnsion by Boy Vs Law and the mean pressure. 




There Sre several rales for obtaining approximately the mean 
wessore from « diagram of work such as we have been disouraing. 
!ae plan mrat rammo^y ^opted by engineers (as we shall SM 
at ^eoture XVL) in finding the mean pressure from actual 
indicator diagrams is, to measure by a suitable stale or rule the 
len^ of each of the ten ordinates, taken at the centre of each ' 
.f the ten spaces into which the diagram is divided, add them 
,to^aer, and divide by their number. ^For instance, apl^ying 
Wje rule to the last example, we should measure the len^ of 
^1*1 v^eali line* midway between the points 0 and 1, 1 imd 2 ■ 
^ 9 and 10, add these teh pvewrare or^Uuet^ 



find them to he resjj^eotiTely, 100, 100, lOO, 71*43, 

45*4&, 38*46, 33*&, 29*41, and 26*31 Ibe*, giving a mean of 69*9 
lbs., or slightly greater than that found above. 


of division to tottoh the boundary lines. Jxaa together the nrst and the last 
ordinates, call the sum A; add together the even ordinates 2, 4, 6, Ao., 
call the sum B; add together the odd ordinates 3, 6, 7, Ao., except the 
r*. A + 4B + 20 


first and the last, and call the sum C; then - 


>mean ordinstte 


or pressure. This quantity multiplied by the length, L, of the figuie gives 
the area of the figure, or what we would caU the area of work in this case. 


Methods of Constructing the Curve of Pressures and 
Volumes by Boyle’s Law . — We shall now show how to con* 
strudwQiq curve for the relation between pressure and volume of 
a perfect gas expanding according to Boyle’s law. This curve 
may be constructed in two different ways : — 

1. By making use of the formula expressing Boyle’s ]aw*-*vis., 
pv^B, constant, and thus calculating the pressure at vaiioias 
points during the expansion. 

2. Or, we may adopt a purely graphical method for deter- 
mining a series of points on the curve. The mrve of expamion 
can then be drawn freehand or by aid of French curves, or by 
bending a thin flexible strip of wood until its lower edge pass^ 
through the several points. These two methods will ]& clearly 
understood from the solution of the following example. 

EXAMPLE I. — Steam is admitted into the cylinder of an 
engine at a pressure of 30 lbs. by gauge, and is cut off at 4 of the 
stroM. Drav^o scale the diagram of work done during admission 
and expansion, assuming that the steam expands according to 
Boyle’s law. From the diagram thus constructed, find the 
pressures at |, |, and | of the stroke respectively. 

ANSWER.— First Method, by Calculation. 

Draw two axes 0 P, O Y, at right angles to eadb other. 
Along 0 P, measure off a distance 0 A, to represent the imtiol 
absolute pmssure of the steam.* 


* The initial pmssnze as given by Ihe question is 30 lbs. by gauge. The 
pressure as indicated by a steam gauge on a boiler or cylinder of an ebginh, 
ntifi lor its startiug (or aero) point, the pressure of the atinoBpheie--*viS*, 
abM 15 ^bs. per square inch. We cannot, therefore, base our calottlatfons 
mpgmng^a law of nature pn such an arbitrary and variable startlng^nt 
aatl^ Consequently, we must ref^ all our pressures tp the obmmmo 
pr pecleotyacunm fine before applying Boyle^s law* The amolutwtem ft 
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V» '.nii^iiuM 'off a disia^ca 0 Btisa: 

'>T<Sup$_of'the'strot^.*''' '' " '-''''j, ^,VvV''"'' 

^ ® any number of parts, equal or uneqttab m ^ 
l^gth^ And at eaoh point of division raise a perpendietili^, 
of indefinite length. In the figure we have divided the 



stiolm into 12 equal parts, for the following reasons: (1) the 

nf V draominator of the fraction J (the 

f^taon of the stroke at cut-off), so that one of the pomte of 

fl\ lZ ‘lie point representing the*^ cut-ofif; 

inme™. “““'f *■ c»r 7 e will thus be sufficiently 

wf together to enable us to draw a'fairly accurate 
we have token the parts^ of .equ^ 
torth because the stroke will be divided into Wenienflid 
^ly recognised fractions. We might have divided the stroke 

’thfpSsSt 

Draote the pressures and volumes at the points -o 


’ Pw ^li 


1 ^ ^ “**'* wje poinrs 'o. i 2 

bttm p, 


nces Oj, 0 ,, 0 , 


nf fn Ii. viirviugnouii me suroKe, 

the full stroke of the piston, and 
lefinite nronAHrmni, q£ ^ 





v,.'' ''<;^,.>'-i~r , “V 

OAunjfU!i;io9 or vvmv^ rv ooti.«^8 
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Tttrthoi^^ lot the trhole vohime ot the pis We strode be denoted 
by the number let la. Then, Oj- 1, e,w a, and ec 

on* The utility of this notation will be apparent from thf 
following. 

The point of out off coincides with the point 4 x la »4), m 
shown by the figure. Now we know that* 

p4‘»i>Q“4S lbs. absolute; and that V4»4, 

••• by Boyle's Lam^ pot-ca constant 
, ••• The Constant 45 X4» 180. 

Calculate and tabulate the pressures at the various pointe 
during expansion, thus-*- 


ft - 
ft - 
ft * 
ft = 

p» « 
Pio* 
fti« 
fti“ 


const. 


180 

»» 


5 

eonit. 


180 

V, 


6 

const. 


180 

ft 


7 

const. 


180 

». 


8 

const. 


180 

ft 


9 

const. 


180 

fto 


10 

const. 

-5. 

180 

»ii 


11 

const. 

B- 

180 


-■ 36*00 lbs, abs. 


2250 » 

-— = 20 00 ,, „ 
1800 „ „ 

ifi 3^ W M 

1500 »» n 


We now possess aJl the data for completing the diagram. Aloug 
the perpendiculars drawn through the points 4, 5, 6 .... la 
measure off distances 4, 4,, 5, 5,, 6, 6, . . . .* 12, 12, reqiectivdyl 
to represent (according to the scale previously employed for the 
prmure O A) the pressures P4, P4 . . . . Pu, given above. 
Ihen 4 i>^Si • * • 12^, are points on the expansion curve. 
Join A with point 4 , and through the points 4p 6. . . . . 13., 
raw carefully by hand (or otherwise as previously directed) 
an unbroken continuous curve, D E. This is the expansion 
curve,, and is known ^ mathematicians as a BecUmgulc^ 
nyperhola. Tbo area of the rectangle 0 A D 0 represents 
the work done to the point of cat off; the area of figure 
g P E B represents the work done durinsr exnansion. The area 
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'i ^ . 


'm 

i 

figoteO APEB npiwseats to8eBleti>e«Mnplc)t<», 
diftMMa wtwk. 

We ate also asked by the question to find, from the diagram 
thus coDstmeted, the pressures at g, j and | of the stn&e. 

mnce the length of stroke has been denoted by the number la, 
we, ijhetefore, get — * 

1 stroke* I x ra * 4 ’S 

„ "-Ixia* rs 

i n =|xia-io -5 

These points are easily found, and are indicated on the right* 
hand part of the figure by the letters a, h, and e respectimy. 
Drawing the ordinates, aa„ bb„ eo„ and measuring their lengths, 
we get, according to the scale of pressures, the following resulf 


aa,> 

ib,> 

CC,’ 


• 40 'oo ins. abs. 
■ aS'oo „ 

= i7’i4 II* 




Second Method: by Graphical Construction. — As before 
draw two axes 0 F, 0 Y , and measure off the distances 0 A, 0 fi 
to represent the initial pressure and the volume of stroke re 
s^ectively. Let 0 0 represent the volume swept through by th^ 
wton to the point of cut off. Complete the rectangles 0 A D 
0 A F B. Divide C B into any number of equal or unequal parts, 
and at these several points of division raise perpendicuto to 
meet the line A F.f 

To find points on the expansion curve, join the origin 0, with 
the point on the line A F. This line cuts the perpendicular 
CD, in the point Through point i'', draw the line i" 
paredld to OY, and terminated by the perpendicular through 
point X. The point i|, Ua point on tha expansionj^me, Siughbrly, 
join 0 2^ This line 0 2 ', outs the perpendicular 0 D m the 
point 2 ". Through 2 ", draw the line 2 '' 24 , parallel to OV, to 
meet the perpendicular 2 , 2 ^, in point 2 |. pomt 2 ^, is also a « 
point on the expofniion mroe. By proceeding m this way, as 
8]|i<|vn by the figure, we get the series of points ip 2p 3i # » . . 

e These are the exact values, as may be readily proved by caloulation* 
Woen, however, the measuremeuts are carefully made, and the curve 
heetly drawn, suoh results should not differ from the oorreot results by 
more then 2 or v per cent. 

* t Ah ibspeonon of the curve D B (in the previous figure) shows that It 
^i$ steeps near to the end 1) than it Is towards the end Hence, if we 

^ fise equidistant ordinates, a greater length of curve will Ue between two 
^''Oonteoatton^tsi^theendB than towards the flatter portion of the 

it fa advisable to have the polm r, 2,j 
|dpeav to tt^^a^ than thoso points toward the I 



tftt'^'m^ ttiwi be dc&vtt 1%6a^'t|ie i»%t« 

thi}sfotindv ^ «* 



The pressures at |, and I of the stroke can then be found 
as befoie, by measuring the ordinates thiough the points a, &, 
and 0 respectively. 

If the steam was comprebsed, accoiding to Boyle’s law, from an 
initial volume O 0, the curve of compression would be a continuar 
tion of the cui ve E D, as shown in dotted hne by the hgure* 
The method of di awing the compiession cuive is identically the 
eame as that described above for the expansion curve. It will be 
Saffi.Gii9!R to shd^ how to hnd one point on this compression 
curve. 

^ Sujipose we require to find the pre<!sure when the volume is 
diminished to 0<f. Through d, draw the q)erpendicular 
cutting A P, in the point d\ Join 0 d', and produce it to meet 
O D, produced in d'\ Through d", draw d"dj, to meet d d^, in d^ 
di ia a point on the compression ewtos. 

Proof of above Cofistruotion. — ^That the above construction 
is mathematically correct may be proved as follows : 

I^et 0 A» Initial pressuie, p^^ 

0 B « Tolume of stroke, # 

0 Volume to cut oflT, v,. 
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m 

ot the stroke be represented by the letters respectively. 

Complete the rectangles 0 4 D 0, 0 A F B. Find by the previous 
construction the point Q, on the expansion curve c&responding 



Illustbating Proof for Geometrical Construction. 


to volume 0 H. Produce Q L to meet 0 P in M. Then the 
area of the rectangle 0 A D 0 represents the product, p^ Vj i.e, 
the pressure x the volume at the point C. We have now to 
prove that — area of rectangle O M Q H = area of rectangle 0 A I) C. 

Since OAKH, is a parallelogram having parallelograms, 
0 M L 0, L D K Q, described on its diagonal O K, then the 
remaining parallelograms M A D L, and 0 L Q H (which make up 
the complete figure O A K II) are called complementary paraillelo- 
grams. Now, by Euclid^ Book /. proposition 43, it is proved that 
the areas of complementary parallelograms are ^,ial. H(iQ53e the 
parallelogmn 0 L Q H = tlie parallologram M A D L. Add to each 
side of this equation the parallelogram O M L C, and we get — 

Arec{^ O M Q IJ — Area 0 A D G 
i,e, OMxOII-O AxOO 
Or, 

2 Which proves that Q is a point on the expansion curvo. 

'^iiQpler Proof. — The following is a still simpler proof, in 
* the similar triangles 0 L 0, and 0 K H, we get — 

0L:00 = HK:H0 (EucUd VI.-2.) 
OLxHO-HKxCO' 

But, 0 li^^H Q, $nd U E1°°0 A 
HQxH0=0 AxOO 
.as j^ore jp* x x 



QlTB^ONa. IB7 

* ^ * 

^ ^ litmvvm XIl.>^ufl 9 !noira. 

L State Boyle’s Isw,^ and describe an experiment to show that the 
pressure of a gas Taries inversely as the space ft occupies. 

2. Steion is admitted into a cylinder at atmospheric pressure, and is cut 
off at half stroke. Divide the stroke into 10 equal parts, and, supposing that 
the pressure at the beginning of each of these portions remiuns inform 
until the piston reaches the next in order, #find the pressure at ea<^ point 
as well as the mean pressure. 

3. The cylinder of an engine is 25 inches long, and steam is admitted at 
18 lbs. total pressure, the final pressure being 4 lbs. At what point of 
the stroke was the steam cut off? Ans, 6*6 inones. 

4. Steam is admitted into a cylinder at a pressure of 26 lbs. on the square 
Inch above the atmospheric pressure of 16 lbs. on the square inch, and is 
cut off at such a point that its pressure at the end of the stroke is 6 lbs. 
below that of the atmosphere. At what point of stroke was it out off? 
Make a diagram, showing approximately the steam pressure on tiie piston 
throughout the stroke. Ane, *26 of the stroke. 

6. The cylinder of an engme is 26 inches long; steam is admitted at 
18 lbB.«ft|tual pressure, and the final pressure is 4 lbs. Divide the stroke 
into 10 equal parts; find the steam pressure at each point of division, and 
set out Watt’s diagram of work done. Find also the mean pressure of the 
steam by Watt’s, by Simpson’s, and by the usual rule. Ans, mean s 10 lbs. 

6. The stroke of a piston is 4 feet 6 inches, the steam is cut off at 9 inches, 
and the pressure at the end of the stroke is 6 lbs. below that of the atmo- 
sphere. At what pressure above the atmosphere was steam let in ? 46 lbs. 

7. Steam^ is admitted into the cylinder of an engine at a pressure of 46 lbs. 
per square inch by gauge, and is cut off at one- third of the stroke. Find the 
pressure in pounds at half-stroke, and also at the end of the stroke. Show 
roughly, by a diagram, that additional work is obtained from a given 
quantity of steam— (1) by cutting off the supply from the boiler before the 
end of the stroke; (2) by oondensins; the steam instead of allowing it to 
escape into the air. Ana. 26 lbs.; 5 lbs, above atmosphere. 

8. Explrin the advantage of working steam expansively and with con- 
densation. Steam is adnutted into a cylinder at 30 lbs. above the atmo- 
sphere, which is taken at 16 lbs. per square inch, and is cut off at a certain 
point,t401 then*mi|)ands to a pressure of 6 lbs. below the atmosphere. If 
the length of stroke be 44 feet, at what point is the steam cut off? Ana. 

1 foot. 

9. The temperature of a condenser is 100** F., and the corresponding 
pressure from Begnault’s tables is *942 lbs. The vapuum shows 26 inchisby 
gauge, and the barometer stands at 29 9 inches ; what part of the increase 
m back pressure is due to air in condenser? Ana. = *03 lb. 

10. The mean steam pressure on a piston being 26 lbs. to the square inch 
above atmospheric pressure, and the mean vacuum pressure 13*6 lbs. to the 
Muare inch, what is the total force exerted on a piston 63 inches in diameter? 
What would have been the force if the engine had exhausted at atmospheric 
pressure? 123,131 lbs.; 81,048 lbs 





^ LEOTTTBE XIII. 

Coktvin^. — C harles’ Law of the Expansion of GaBes—Absolute 2fero of 
Temperature — Expansion of a Gas doing External Work— Adittbatie 
Expansion — Heat Engines— Carnot’s Principle —Entropy and Thermo* 
dynamics from an Engineer’s Point of View— Questions. 


Second Law of the Expansion of Gases.— This law, which was 
cliscoyered by Charles, and is known as Charles’ law, was first 
published by Dalton in 1801, and independently by Gay Lussaa 
{n 1802. It may be stated as follows : — 

A goAy under comtemt preasmey eoapamde by a definite ficudUm of 
Ua vohme at 32* Fah,, for a givefn mcreaae of temperature. The 
amount of this increase of volume has been the subject of careful 
investigation by many experimenters, and the value asidgned hy 
Begnault is that the expansion of a gas between 32*^ FaiL and 
212*^ Fah. is *3665 of its volume at 32° Fah. We mu^tj^lso note 
the remarkable fact that the amount of expansion is the same 


for all gases. The laws of the expansion of gases are only 
approximately true for actual gases, but form the essential 
characteristics of a perfect gaa The variation from this second 
law is very slight in permanent gases (f.e., gases which cannot be 
liquefied oy cold or pressure), but is more considerable in 
liquefiable gases. Every gas, however, more nearly fulfils this 
law the more highly it is heated and rarefied. Air, when 
perfectly dry, deviates but slightly in its behaviour from that of 
. a perfect gas, but when containing moisture, as it almost always 
does in practice, the deviation is considerable. 

Absolute Temperature. — ^We have seen that a volume of gas 
‘ fidling in temperature from 212° Fah. to 32° Fah., contracts in the 
< ratdp of 1*3666 to 1. A curious question nofF« ^^irises, At 
what temperature will the volume of the gas diminish to 
" nothing 1 The gas in falling the 180* between boiling and 
\ ^rearing points on the Fahrenheit scide, decreases in volume *3665 
/ of its volume at freezing point, with what fall in temperature 
^ from 32° would it decrease to nothing 1 
^ Stating by proportion wo have — 

*$ 666 1 1 ; 1 180 : « Or, let a; b temperature from 

I » 1 

, ims6=Fig68 

.‘M-8e65«»»+180 

*8665 a ss 180 




v; is a Uhe of temperatures, F, being the freezing point ahi},;^. 
j^ boi^g point. We know that the ratip of the volume ot thi 

fit F to the volume at B is therefore, if we 

ai^n^ht angles to, BZ, two lines, BA, and, F£, to rep:^i|s^.Ci 
t]^h relative^Tolnntes of the ^ at these points, then join 
[^i^dtice H Wond E, we find that it cuts the line of teinp^^^lj 
492® below freezing pointy shoiirii^ 
tifat <^the gj^ has been reduced ^ 








mmmm. 


ra nWh in questions on tnermodynamics and tne expansion oi 

K » it is most conyenient to measure temperatures, not from 
rbitrary zero of the Fahrenheit scale, but from the absolute 
zero just found, so that, if ^ = temperature firom Fahrenheit zero, 
r ts absolute temperature F^h. Then r ^ t + 460. 

We now have a means of estimating the amount of expansion 
of a gas due to a given rise of temperature, the expansion being 
proportion^ to the absolute temperature. All gases ^expand 
of their volume at 32* Fah, for every increase of tempera- 
ture of 1* Fah.* We may, therefore, express the laws of Boyle 
and Oharles by the formula— ^oduet of the pres^u/re and 
volume of any gas is proportional to Uhe absolute temperatwre, i.e , — 

PV = 144pV=CT Or,e = 5Z 

T 

Where P = lbs. per sq. ft ; V = \rol in cub. f t ; c = constant foi^e gas t 
Expansion of a Gas doing External Work.— Hitherto we have 
been dealing with the expansion of a gas in accordance with 
Boyle s law, and we have drawn the curve of expansion in 
Watt’s diagram of work. ^ The necessary condition for the 
fulfilment of Boyle’s law is, that the temperature remains 
constant, wd the curve representing expansion under this 
condition is an hyperbola, and is known in connection with 
this subject as an isothermal curve f or curve of squad tern- 
p^a^. Suppose we have an ideal engine, the cylinder of 
which is constructed of non-conducting material, so that no heat 
can enter or leave the working gas during its action, and that 
we introduce a mass of air at a certain pressure, volume, and 
temperature, and allow it to do work on the piston by its ex* . 
pansive power ; although no heat can pass through:" Xh^H/Tluider, 
yet we find that the temperature of the working gas falls con* 
uderably throughout the expansion. The explanation is easy. 
The gas in expanding converts a quantity of its heat into actual 
mechanical work, and the amount of work done by our ideal 
engine must be the exi^t mechanical equivalent of the heat 
Am by the gas in the cylinder. Therefore, when a gas expands 
aomg external work, its temperature must frll (otherwisa^no 
work could be done), and the relation between pressure and 
Volume will not be in accordance with Boyle’s law, heat 
& supplied to the substance during expansion, in proportion to 

1 -*^ cpeftoient of per degree tm a oonsteiit preeeoie 

fcr mdtiag i,. 

for values of l^s ooustSut o for air and and 
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bwWttOB to wfet'tbthisappUoaW of iio’ p 
’ . la|l^,i<fflut Ijf a gas ex^^s without dome any wtHerM^S 


^ id unaltered. 

: ExDan8ion.--.^» 


oehoiiiau ecq/anmon, and the ourve which represents tne 
pf'jpresswe and volume throughout is termed an “adialwtio" 
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• Isothermal and Adiabatic Cubyis. 

Sappm we have a volume, 0 A, of a gas at a pressdjhk ' 
^p, an d expand it at a uniform temperature, and let the ehan^ 
represented by the isothermri^eH 
P% .a^en, if ^ gas be expanded adiabatioally, the ohang^ ? 

and volume will be represented by the adiabi^ ,. 
' and it IS evident that this curve must &11 beloiy , 

thfe Mothermal since the gas has done ’work. tt libwi 
^«r, we compress the gas from the volume 0 A to the voluml^'^ 

*!>« equivalent of tterZ 
alP®n thkglig js imparted to it in the form of an add&i^ ’ 

be r^resentefiy the 






if tEe gas had first been compressed at eoioBtaiit't^ 
peii^^re and then a certain quantity of heat had been tiakeh up 
by it whUe its volume was kept constant. Thus, we see that the 
.iuiiabatio curves are more inclined to the line of volumes than 
tlie isothermals, and, therefore, to dimimsh the volume of a gas 
. 1 ^ ft given amount, requires a greater increase -of pressure when 
the gas is prevented from^ losing heat, than when it is kept at a 
constant temperature. We infer from this, that even in a 
conducting cylinder, if the compression takes place very suddenly, 
before the heat has time to escape, a greater pressure will be 
required to compress it than if the action were gradual For a 
complete study of this part of the subject we would refer the 
student to the larger treatises.’* 

Heat Engines. — ^We propose now to discuss ^ an ideal or 
imaginary engine, for the conversion of heat inte mechanical 
work, and shall cidculate the work done by the engine. 


Cit • c* 



Imaginary Hbat Engiiol 


Let A3 be the working cylinder of the heat engine, having 
'4 a volume of a perfect gas, say air between the cover, A, and the 
piston, P. The cylinder must be constructed of non-conducting 
* material, so as to allow of adiabatic expansion, but yet it must 
he capabte of transmitting heat to and from the working sub- 
stance at certain intervals of the stroke. We see, therefor^ 
th# these special conditions of working are contradictory, but, 

^ as Rankine on TJ^ Steam Engine, Cotterill on The Steam Engine 
V 0m^!f^efeda8 a Engine, Maxwell on 




staU supp^^ lirii '^ V 

^jdiffi<mH7\J^ bi^ .^‘ 

V Startuig then, with tiie piston in positioh» 1, we have 
of! gas, 0/ (see diagram below cylinder), at a pressure, jsnfl 
absolu^ texi^erature, r^. As the crank moves from position ly ^ 
to position 2 (upper diagram), the is compressed, and, sihce 
no heat can escape, the relation* between pressure and volume’ 
is represented by the adiabatic cu/ve, a b (lower fig.) When 
the pi/ston Has reached point 2, the absolute temperature of the 
working substance has risen to During the movement of the 
piston from point 1, to point 2, work has been spent upon ' 
working substance,* and this we may call mgaJLive work. The 
working substance now forces the crank further round and 
begins to expand. The effect of this would be to make the 
temperature fall, but throughout the expansion from 2 to 3, 
heat is supplied to the working substance in sufficient quantity 
to majjaj^n the temperature uniform, and the relation between 
volume and pressure is represented by the isothermal curve, 6 c. 
During this process the substance is doing work, and this ' we 
reckon as positive. In order to maintain this isothermal curve 
a quantity of heat, H, has been taken up by the working sub- 
stance. When the piston arrives at point 3, the supply of heat 
to the working substance is stopped, and the expansion continues 
without gain of heat, therefore the temperature falls. The relation 
between the pressure and volume at this part of the stroke, is 
represented by the adiabatic curve, cd. When the temperature 
h^ fallen to (the temperature from which we started) the 
piston will have arrived at the end of its stroke, and the work 
having been done bp the substance will be reckoned positive. 
The crank is now in position 4, and on passing that point 
causes to move back and to compress the air in the 

cy^der. This compression would cause a rise of temperature, 

‘ but Ihe additional heat imparted to the substance is abstracted 
' during the compression, and the relation between pressure and 
volume is exhibited by the isothermal curro, da. Since, before 
be^^nning the return stroke the working substance had the same 
temperature as that from which we started, therefore, when the 
piston arrives at point 1, the working substance has returned 
exactly to its original state as regards volume, pressure, and 
temperature. During this latter portion of the stroke work 
has been spent upon the substance, and must, therefbre, be 
considered n^ative, and jedmultaneously a quantity of beat (say i) 
has been abstnusted from the working substance. • 

Such a series of oj^rations as this, by which the • 





imd^rgoing 8UGC6S8ire states 6t pr^i^ itohm^ 
i|ad im,pet9>tnx&, U fiioiaUy brought back in afi roapeota to its 
origiiildatste,i8 termed a of operations. When l&e chang^ 
of atate can be passed through in either direction, the cycle is 
said to be reverdble. In the diagram of the expansion of ihe gas, 
' the figure, ah cd, represents the cycle, for, while we started with 
a pressure, a/, volume, O/, and temperature, Tj, we arrived at 
the close of our operationsiwith the same pressure, volume, and 
temperature. The working substance is performing work on tiie 
piat^ while it moves from point 2, to point 4, Sie expansion 
curve being bedf and the work done is represented by the area 
of the figure, bcdhe. This is positive work. Work is done 
upon the substance while the piston moves from point 4, to 
point 2, the expansion curve being dab, and the work done is 
represented by the area of the figure, dab eh. This is negative 
work. To find the work performed by the substance, we subtract 
the area, dab eh, representing negative work, fn>m the area, 
bedhe^ representing positive work, and the remaind^,ce6c0?, 
represents the useful work performed by the substance through- 
out the cycle of operations. 

Wwk done by a HeatEngme , — Our operations on this heat engine 
consisted in taking in a quantity of heat, H (from positions 2 
to 3 of stroke), at a temperature, Vg, and rejecting a less quantity 
\ of heat^ h (from 4 to 1), at a lower temperature, 

* Hence, the heat-energy that has been transformed into 
mechanical work during this cycle of operations 

« H - A thermal units. 

Galling W the amount of work thus given out by the engine 
in one revolution, we have 

W « J (H - A) foot-lbs., 

tv* 

where J is Joule's equivalent" (see Index). 

^ j Now, in order to eliminate h from the above equation, and 
^ ^ Aua express the work actually done m terms of the heat supplied, 
r with the absolute temperatures between which the 
■ irprka^ we proceed as follows : — 

tj&tpi « pressure measured by /a, 

, ^ ^ ft “ »» »> ® ^ 

ft *■ » ifi 9^ 

' . ft** « » 

and ^4 be the corresponding volumes occupied by the 
; ^ whai^fubjeoted to the idmve pressures respectdydy. 
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1% ItiiMtai# ]|£vn. it it «|iay& tittt 'vhea a gas exptoibii 
Sjooording to Boyte’s lftw> a pressuro anii Tolamo, Pj. to 
another pressure and volume, p„ say, aud does work, the 
value of the* work done is 

-.pg®glog,^foot-lba, 

ffhm pg is in lbs. per sq. ft., and Vg i& in c. ft. 

Now, since our working substance, the gas, takes in a quaup 
tity of heat, H, while expanding from a volume, to a volume, 
U 3 , sufficient in amount to keep the temperature at the constant 
value, it follows, from what has been already said about 
isothermal expansion, that the work done on external bodies by 
the gas, must be equal to the mechanical equivalent of the heat 
supplied, that is to say, 

... JH“=P2»2l'>&;g' 

= c Vg log 

* ® »g 

By similar reasoning, we get 

JA = cr^ log, 

Substituting the values of H and A, thus obtained into the^ 
equation for the work done, we get 


W» JHO - 


Since the points, a and A, are on the adiabatic curve, a A, wo 
have the following relation between the co-ordinates of these 
points— ^ *# 

ft»r=P2®2"> • • ■ w- 

n being a positive quantity, greater than unity (see Lecture XV) 
Similarly, for the ^iabatic curv^ e d, we have 

PjOg'-Pgv/, ‘ . . (3). 

Also, for the iaotkermal curves, be and we have die two 
equatuma— * . • 

(*)*’• 

***(*)»» 
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. s, from which, if we’ eliminate the 

pweaures, we obtam the relation 




Si. 


3 


This enables us to simplify the expression for the work done, 
which now becomes 4 


W = JH 


JH 




- !J_ 


And the efficiency of the engine 
W 
’“JH 

For example, suppose that the air in our ideal engine is raised 
to a temperature of 400°, and, after doing work, its temperature 
i8 32*Fah.; 

Then, f-j = 400 + 460 - 860 

„ ri = 32 + 460 = 492 

\ Work done = =. JH (^-g~^^ - ^ )»-43 JH, nearly. 

Again, returning to the equation. 




3. 


which may bo written in this form — , ^ 

I ^ _ OA 

Oe ~ 0/ 

or, O p . ; 0 6 : : 0 A : 

have the relation which .must hold between the volumes of 
&e substances at the various stages of the cyclical process just 
described. This relation enables us to determine the value of 
Off, so that the adiabatic expansion from position 3 to 4 
cause the tejnpera;ture to fall to 
0^0/, and 0^ are supposed to be known, hence a simple cal- 
^culation wiU give us Off, or the abscissacof the point 3, ^cause 

\ - Oe.Oh 



j^(|ii^]|i.i^^ :li)Uo^?^ iiraii 

laid doiim Oaniot|,we'^TOder^^ just j|dva:^ 

ill 1824:— ■ 

The amount of work done by a reyersible heat engine depends 
onfy oh the constant temperature at which heat is receivedvhdd 
at which it is rejected, and is independent of the nature of ^e 
intermediary agent (such as steam, , air, <ka) Its efficiency is 
co nse quently a maximum. * 

We see, therefore, that the amount of work got out of a heat 
en^e, depends entirely on the absolute temperatures between 
wmch it is worked. In order to obtain the whole of the work 
from a mass of heated air, it would be necessary to cool it down 
to the absolute zero — a process beyond the reach of practice; 
wd, hence, our imaginary engine, which is absolutely perfect 
in its action, is only able to yield a portion of the energy 
stored in the ges in the form of heat. The example worked out 
shows this clearly, for our perfect engine, in working between 
the tem^ratures 400* and 32®, can only convert *43 of the heat 
energy into actual mechanical work. The efficiency of any heat 
engme used in actual practice, such as a steam or an air or a gas 
engine, is considerably less than this. 

Entropy and Thermodynamics from an Engineer’s Point of View. 
-^Although a few lectures nave been written by thp author for this book 
upon this subject, in order to meet the modern requirements of engineering 
examinations, as well as to place before the independent student Sie latest 
views on the same, we must confess, that the suddenness with whioh the 
present edition was called for has prevented these lectures being got ready 
m time for this issue. Our best plan, under these circumstances, is to 
herewith recommend a few of the latest books and articles on this import* 
ant subject, which naturally follows the consideration of **Cftmot’8 
Principle”:— 1896, “The Thermal Efficiency of Steam Engines,” by H. R. 
Sankey. Captain R.E., M.Inst.C.E. (of Messrs. Willans and Robinson, 
‘Rugbyj7^isa^ r'n.\ Ineb, vol. xxv., p. 182, &o. ; 1898, The ThUa-Phi 
Diagram applied to Steam^ Oaa, Oil, ana Air Engines, by H. A. Golding, 
A.M.I.M.E., published by The Technical Publishing Coy., Manchester; 
1900, “Work and Heat, Entropy, Water Steam, $<l> Diagrams,” see 
Chapters XXI. to XXIII. in Prof. Perry’s Text-Book on the Steam Engines ' 
1903, Thermodynamics of HeaJt Engines, by Prof. S. A. Reeve, Worcester 
Polytechnic, U.S.A., published by Macmillan & Co., London and New 
York ; 1903, Treatise on Thermodynamics, by Dr. Max Planck, Translation, 
wblished by Longmans, Green £ Co., London; 1903-04, Four articles in 
mgineering from August 28 to September 18, 190% on “Entropy or 
Thennodynamics from an Engineer’s Standpoint,” by J. Swinburne, 
ex-President of the Institution of Electrical Engineers ; also, Book on . 
same, published by Archibald Constable & Co., 1004- 
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XiBOXU&B XIU,— Questions. 


Define a neat engine. State the conditions under whioh enoh an en|^ 
wU} give out the greatest quantity of work, and establish your statement 
by reasoning. A perfeot heat ei^oe receives beat at 350"* F., and rejeots 
heat at a temperature of 90° F. | Find its efficiency. Ans. s *32. 

3* An engine uses 10 lbs. of steam per minute, the feed temperature is 
60* F., the boiler temperature 300° F., and that of the condenser 104* F., 
what is the theoretical maximum efficiency of the engine? State Bag- 
nault’s formula for the total heat of steam at a given temperature, and 
deduce the amount of heat which each pound of steam has received in the 
boiler. What horse-power would be developed if the engine worked as a 
perfeot engine? Ans. *258; 1144*4; 69 h.p. 

4. Find an expression for the efficiency of an elementary heat engme. 

5. Investigate a method of ascertaining the absolute temperature which 
corresponds to 100° F. 

6. What is meant by the adiabatic expansion of agas?^ If you were 

required to set out approximately the curve of adiabatic of 

•team, how would you proceed ? 

7. A steam engine at the mouth of a coal pit is employed to compress air 
to a pressure of 3 atmospheres. The air becomes heated, but is cooled 
downhy water to a temperature of 100° F. It is then conveyed in a pipe 
to the bottom of the pit and to some distance along its workings, being 
finally caused to drive the working piston of an ordinary high-pressure 
en^e. The air when liberated produces a freezing temperature in its 
neighbourhood. Apply your knowledge to explain this fact. 

8. What do you understand by the term **heat engine”? Define the 
efficiency of a heat engine and show why it is that only a small proportion 
of the heat absorb^ by a heat engine reappears in the form of useful work, 
and show also which of the sources of loss must occur even in a perfeot 
heat engine. If an engine and boiler consume 3 lbs. of coal per hour per 
horse-power and the heat developed during the combustion of each lb. of 
coal is sufficient to convert 12^ lbs. of water at 62* F. into steam at an 
absolute pressure of 100 lbs. per square inch (temperature, 327*9* F.), what, 
under these circumstances, is the efficiency of the engine^^^-mler effici- 
ency being taken as 72 per cent.? (S. & A., 1897, A(^.) 

9. Write out the formula enabling us to calculate the heat whioh must 
be given to stuff when (1) at constant volume, the pressure changes 
from Pi to ; (2) at constant pressure, pi, the volume changes from Vi to 

(8) according to any. way of altering in pressure and volume. Prove 
these rules from first principles, and from the two laws of thermodynamics* 
^(S. A A., 1897, Hons.) 

10. Calculate the woik done per lb. of steam by a perfect steam engine 
working between the absolute temperatures, and That ia-^l lb. 
water is heated as water from t^ to ? 2 i and is then converted into steam, 
eicpanded adiabatically till it reaches and the operation completed ahmg 
an isothermal to the starting point. Show why Mr. Willans round this a 


I lb. of air? Consult the printed table furnished you at the 
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«ad o( Tejxi^Wk fo^h^deiuiji^bfiiir^ WEy MtiheiipeoifloheAtg;^ 
At coostant ffiaa at cctotant yolum6 ! (]i of S., I900» Adr.) 

12. StdAm ofiLtors a ^midor at UO lbs. (absolute) per sq^uare iuobf It is 
oii^t pff at one-foiortb of the stroke, and expands according to the law 
cpustaut/* Find the average pressure (absolute) in the forward stroke. 
the badt pressure is 17 lbs (absolute) per square inch, what is the average 
effective pressure ? If the area of the cross section of the cylinder is ^ 
square inches, and the crank is 11 inches long, what work is donOiin one 
stroke? Neglecting clearance and oondlnsation, what volume of Steam 
enters the cylinder per stroke ? If the admitted steam has a volume of 3 
cubic feet to the lb., what is the weight of steam admitted per stroke? 
What wqrk is done per lb. of steam? (^B. of B,, 1901, Adv.) 

13. Steam enters a cylinder at the absolute pressure, 120 lbs. per square 
inch, and expands according to the law constant Neglect clearance 
and cushioning, and use tne ordinaiy hypothetical diagram. Constant 
back pressure, 27 lbs per squat e inch. Take the following values of the 
cut-off :--^Half-Btroke, quarter-stroke, eighth of stroke, md in each case 
the effective pressure The area of the piston is 1 square foot : stroke, 2 
feet ; what is the work done per stroke? What is the work done per 
cubic foot of steam entering the cylinder ? Tabulate your answers. 
(B. of E. J903, Adv.) 


14. W® is the law connecting pressure, volume, and temperature of 
1 lb. of air, if at 1 atmosphere and 0** 0 the volume is 12*89 cubic feet? 
At 2} atmospheres and J30*C., what is its volume? It lecoives heat 


energy equivalent to 300,000 foot-pounds at constant volume. What are 
its new pressure and temperature? The specific heat of air at constant 
premre is 0*238. (B. of E., 1903, Adv. and H., Part i.) 



LEOTURE XIV. 


OoNTBJj^s. ^Distribution of Sto^m in a Cylinder— Lap and of a 
Yfidve, &o., Angle of advance of an Eocentric, Points of admission, Cut- 
off, ]^lease, and Compression— Diagram of the relative positions of 
Crank and Piston— Zeuner’s Valve Diagrams. — ^Questions. 

V Distribution of Steam in a Cylinder.— Before explaining the 
Indicator, and the results obtained hj it in the form of Indicator 
Diagrams from various types of engines, it will be necessary to 
describe generally the action of the eccentric, slide valve, crank, 
connecting rod, and piston, with their relative positions, so as to 
understand the distribution of steam in the cylinder of an 
ordinary engine. 

This is most graphically and easily done by aid €fl?^a*large 
skeleton working model, in which the slide valve, piston, &c., are 
all shown in section in one plane. 

By aid of this model (fitted with a set of slide valves having 
different dimensions, the means of fixing the eccentric at 
different angles to the crank, and of altering the link motion or 
the travel of the slide valve), the distribution of steam in a 
cylinder may be studied simultaneously by a large class. 

The engine, as seen by the arrow on the crank pin circle, is 
going ahead or turning with the hands of a watch. The valve is 
moving forward and on the point of cutting off steam from th6 
cylinder at about half-stroke, while the piston is moving back 
towards the after end of the cylinder, and will therefore complete 
the rest of the stroke under the expansion of the s|eg m ^ 

It will be seen firom the figure l^t the eccentric, E, consists of 
a simple pulley placed eccentrically 2^ inches to the crank shaft 
centre, i.e., with a throw of 2| in. The to and fro movement of 
the sHde valve is f^btained from this eccentric through the 
*.intermed)ate mechanism of the eccentric strap, eccentric rod, 
"^E B, and the valve spindle, Y S, while the to and fro movement 
of the piston, P, is obtained from the crank keved to the crank 
shaft, through the intermediate mechanism of the connecting 
rod, OB^ and the piston rod, PR It is, therefore, clear tha^ 
in ^er to ascertain the effect of the slide valve in distributing 
stemi to the cylinder, its position at any point of the piston’s 
etroke ^ust be studied by observing th^relative positions of the 
f j^qcmtm and the cn^. 
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^ t»A]|^ 'akid Lead of a ValT6| Ae.*— The elide valye ebowzi ih iher; 
following figure ia purposely placed at the centre of its atfofc^:!, 
in order to facilitate an explanation of what is meant by 1m. \ 
The valve consists of a hollow box with projecting endBi the'^ 
lower &ce being accurately planed and fitted, so as to be steam : 
tight on the valve port fiice. The hollow arch of the valve just 
covers the distance between the inner edges of the steam portSi 
so that the moment the valve cuts off the exhaust from one end 
of the cylinder it opens the other end of the cylinder to exhaust. 
Sometimes, however, slide valves have what is termed imide 
that is, an inner projection at each end of the arch of the valve, 
marked in dotted lines by, a;, in the figure. This causes the exhaust 
to take place later on the one side and to be cut off sooner on the 
other side of the piston. The effect of this is twofold — (1^ a 
later release causing a higher back pressure, (2) compression 
before the end of the stroke. The latter result is usefUi, as we 
shall see in the next lecture, owing to arresting the mementum of 
the moving piston, piston-rod, crosshead and connecting-rod, and 
thus lessening what would otherwise be a sudden stress or jerk 
on the cross-head and crank-pin bearings, causing undue wear and 
tear. This is termed compression or cushioning; frequently how- 
ever, part of the cushioning is effected by giving to the slide 

valve, that is, allowing it to open the steam port before the piston 
has come to the end of its stroke. 



Now, liking at the left-hand figure we see the three dotted 
vertical lines drawi^ above the valve face at each end of the 
valve. The distance, 0 to L, is the amount by which the valve 
bverlaps the steam port at each end. This is termed the 
^ of the valve, while the distance between L and M is the 
amount the valve (when at the end of its stroke) opens the 
steam port for admission of steam into the cylinde^ This 
distanoe^ L M, is frequently less than the breadth of the steam 
* ^ portp^beoause the same passage serves both for inlet of the steam 
to, and ito $^t from, the c;^inderj; ant:, seeing that the steam 
hlig e:i^pended in bulk whue doing work in thi eylinder, the 
f and the ^tit<d;er the esdiaust, less will be tha bi^ or 
,, ob8iruo[%epreseura - 



®ie rei^M Kaea d^W^ lfoin, K; bdo^ the vidye fhoe 
n)^ the oumde eiS itf eaoh eteem pout, mdieate the faiK& 

!uie c^le hoL thel^ht-haad figure is taken to repi^sent the path 
ef the centre of the eccentric pulley, which works the slide vitve. 
The radius, 0 M, is, therefore, equal to the throw of the eccentric, 
or half the travel of the valve. Now, supposing the crank to be 
in the position, 0 0, or level at the inner dead centre in a 
horissontal engine (ia, the piston is ji&t at the commencement of 
the hutgoing stroke), mark off the distance, O N, equal to the 
outside lap, O L, plus the lead, L N, draw N E perpendiculw 
to 0 M, and join O E; then (neglecting the obliquity of eccentric 
rod) we have — 

0 G for the Centre hne of the crank. L M for the Maximum opening to 
OE „ ,, „ eccentric. steam 

0 L „ Lap. 0*" for the Angle, B 0 E, or the angle 

OK „ Lap + lead. of advance. 

We *thflns see that the centre line of the eccentric must be in 
advance of the centre line of t^e crank, by (90° + tf°), where 
is called the angle of advance. 

If there was neither lap nor lead, then the centre line of the 
ecoentrio would be at right angles to the centre line of the crank, 
or the eccentric only 90^ ahead of the crank. 

In order to impress these various parts and positions of the 
slide valve, we again enumerate them as definitions. 

Zap or cover of a slide valve is the amount by which the edge 
of the valve overlaps the adjoining edge of the steam port, when 
the valve is in the middle of its stroke, and is termed outside or 
inside lap, accoiding as we refer to the outside or inside of valve. 

iectd is the amount of the opening of the steam port at the 
beginning of the piston’s stroke. 

Angle of advance of eccentric is the angle by which the centre 
line of the eccentric stands in advance of that position, which 
would bring the valve to its mid-stroke when the crank is on the 
dead point; or, in other words, the angle between the crank and 
the centre line of the eccentric nwims 90°. 

^ The throw of cm eccentric is the distance between the centre 
of crank shaft and the centre of eccentric pulley. 

The travd of a slide valve is equal to the distance the valve 
tnoves to and fro in one stroke of the piston, or twice (^he 
lap*)* opmiing to steam). It is equal to Pwice the throw of eccentrle» 

* anthers— a^.,:]Pspf, Goodave— state that4^<Airoia</imeo9eS^ 

fa equal tuthadiamet^ottlSdrde described by tlm centre of iheepesn^ 
pnlleiv Ttw Wtd. threw Is ambkaouS, and be dii^rded, frr it is « 
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Tb« foregd^ dia^m illiis^^tm il^e fodf nHii^P'd'pdii&^Sn 
the motion of the simi>le D slide valve of the vbrl^g model 
explained at the be^hning of this lecture^ p. 170, ,as well ea the 
corresponding positions of the crank, "^and also the probable 
distribution of steam in the cylinder or diagram of work.*’ 

1. The point of mdmmdm of steam to the cylinder. 

2. The point of eaJfroff of steam from the cylinder. 

The point of release, or when elhaust begins. 

^4. The point of compression, or when exhaust stopa 

The diagram is self-explanatory, in as far as it shows how each 
of these points marked on the crank pin circle are projected on 
to the diagram of work ” (or piston’s stroke) below, with the 
corresponding positions of the dide valve sketched on the lines 
of projections. The direotion of motion of the crank and of the 
slide valve at each point is also made dear by arrows.^ It mil 
be observed that the slide valve is at the same position with 
respect to the steam ports when beginning to admit steam to the 
cylindef^and to cut off the supply of steam from the same, and 
that its direction of motion is in each case opposite to the direction 
of the piston’s motion. It is also evident that the slide valve is 
at the middle of its stroke when release and when compression 
begins, and that its motion is opposite in each ease to that of the 
piston’s motion, as indicated by the straight arrows placed 
directly above the slide valve. 



fielative Positions of the Crank and the Piston.— -The following 
method of determining relative positions of the crank and the 
piston Is of great importance, because it is the method used i%^ 
determiniDg the relative positions of the slide valve and 
eccentric. 

In the fig., let O 0^ i^present the crank, then with centre^ 0^ > 
and r^iu8<0B) thfconnectfrtg-rod, describe an arc cutting 
. c^l^ line of the engme’s stroke in {0 which gives thepc^l^ 
of ^ith this point (OS) as^a centre, and: 
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Idi^h of (OB) M nbdiufii, desoribe the arc, 

0 & YHdPl equal to the diatance of the piston fi^m the mimh 
of its stroke when^the crank is in the position 00^. If this 
distance 0 he set off along the crank, 0 by drawing with 
eeutre, 0 , and radius, 0 Dj, the arc, and the same operation 
m repeated for a series of different positions of the crank, all 
these points will be found to lie on the polar curve, 0 d^ Oi. Any 
chord of this curve drawn fibm the point O will be equal to the 
distance of the piston from the middle of its stroke when the 
crank lies along that chord. 

The double looped curves in full lines are the curves obtaiaed 
by this method. 

If the connecting-rod be infinitely long it is evident that 
instead of the arc, C 2 D 2 , we get the straight line, Co D^, at right 
angles to the line of stroke, and that 0 is, in this case, the 
distance of the piston from the middle of its stroke. If this 
distance be set off along the crank by drawing the arc, dL, and 
the same operation be repeated for a series of different ^sftions 
of the crank, it will be found that all these points lie on a pair of 
circles drawn with 0 0| and OO 3 as diameters. These are 
shown by the dotted circles in the figure. 

The effect of the obliquity of the connecting-rod is well seen 
by comparing the curves in full lines with the circles in dotted 
lines. 

In valve diagrams it is usual to neglect the effect of the 
obliquity of the eccentric-rod, because the ratio of its length to 
the throw of the eccentric is generally great, and its effect is 
therefore generally not worth taking into account. 

Another method of finding the relative position of the crank 
and the piston is as follows :-^see next fig.) 

Draw two lines, P 3 , P^ P^, at right angles to each other. 
From their intersection, 0 , with radius 0 0 , equal to the length 
of the crank, describe the inner or crank pin circle. With 0 as 
a centre and 0 P^ as radius equal to the length of the connecting 
rod, describe the circl^ P^ Pg Pg P 4 . With 0 as a* centre and 

S P 3 as a radius, describe a circle ; again, with the centre, 0 , 
d radius, 0P„ describe the large outer circle. 

Now, suppose the crank to be fixed in the position, O 0, and 
the cyluxder to revolve round the centre, 0 , in the direction of 
.the hands of a watch, as indicated by the arrows, then the ooh- 
*^necti]m-rod (which is supposed for the purposes of explanation to 
be ^imeoted directly to the piston) will cause the piston to move 
in^NjSKis daring the first hal^ and outwdrds during Ihe Second 
: hdf 6 f the revolution^ The positioim Pj, Pg, Pj, and P 4 represent 
^e pistop at 0\ 80% 180% and 870* of the revolutionk 



17 ? 


tsusm 499 MWOir, 

, |te mrde of riwilms, 0 P^ iacficate the distance Of the pistoi:" 

the outer end of the cylinder ; for the path of the pi$toh 
4< J the Hhe of the circle Pj, F^, Pj, P^. Precisely the aiwueV> 



7«<r 


Bslative Positions of Crank and Piston. 

MSow^ will hold good if we consider the crank to reyolre end 
th^ylii^r to be fixed (as is usually the case) say in the positiou 
^ V’ ^e radial lengths between the outer circle and the 
£i> ^s» ^4 w^otively represent the distance tha 

]^]sipu mni: « ^he stroke for each position of the e)ra^ 
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Cause of the Unequal Distribution of Steam during the Forward 
and the Bach Stroke of the Piston. — If the connecting-rod* of an 
engine was in^tely long (and therefore remained always parallel 
to the centre line of the piston’s motion), the point of ** odt off,’’ 
and consequently the distribution of steam, would be equal at 
both ends of the cylinder ; but when the length of the connecting- 
rod (as usually adopted in practice) is only from 2 to 4 times the 
length of the crank, the distance to the point of out off” is 
considerably later on the forward stroke than on the return or 
back stroke. 

An explanation of the following two diagrams will render this 
quite evident. 

Firstly. Consider a case when the slide valve has ** outside 
lap ” only, and no lead.” 

1 . Draw a centre line of the piston’s motion, O 3 , to 10. 

2. With any convenient position, 0, as a centre and radius, 
0 0], equal to the length of the crank, describe a circle, Q1O3O3C3, 
and let the crank revolve in the direction shown by the arrows 
on the crank pin circle. 

3. With centre Op and radius equal to the length of connect- 
ing-rod (in this case = 3 cranks), describe an arc, cutting the 
centre line of engine in the position 10 furthest from 0^. With 
centre, O 3 , and the same radius, describe another arc, cutting the 
same centre line in position 10 nearest to Ov Then the distance, 
0 to 10, is equal to the piston’s stroke. This distance may be 
conveniently divided into ten equal parts both above and below 
the centre line, so as to indicate percentages of the stroke during 
Oie/arward and bcMsk strokes of the piston.* 

4. With centre, 0 , and radius equal to the throw (or ecoen- 
ti^ty of the eccentric), describe the inner small circle M E^. 

46. From 0 plot off a distance, O L, equal to the outside lap of 
the slide valve, and draw through, L, the Une, E/ L E^ at right 
angles to the centre line of the engine. From 0, draw radial 
lines, 0 Ey A and O E^ B, cutting the crank pin circle in A 
and B, and join A B.^ Then, since the slide valve has no ^Uead,” 
/d is tl^e centre line of the eccentric when the crank is in the 
position 0 Oj, and the eccentric turns round from the position 
0 Ey to the position O E^, in the operation of moving the slide 
valve during opening and closing the back steam port; conse- 
quently, the crank must turn through an equal angle daring 

* Of course the positions 10 and 10 are in re^ty the oentre of the eroseh 
head at each end of the stroke in ordinal^ ^gmes having a oraok and 
conneotixig-rod. To include the length of the piston-rod wopd aatand the 

figure, l^pnd the limits of the pa^ 
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ttiiB opmtioA, i, 0 ,, an angle equal to A OB. !Che ^^aii|^e of 
adtanoe ” of tl^e Ocoentrio is in^oated by < >• 

& With centre, 0» and radius, A B, describe an ar<^^ Odt^g 
tbe orank-pin oirde m Og, and join 0 and 0 ^ by a thick line, 
^en, 0 Og is the position of the crank when steani is cut off 
firom the cylinder, t.a, when the centre of the eccentric pulley is 
in A^osition * 

7. With O 2 as a centre and radius equal to the len^h of the 
connecting-rod, describe an arc cutting the centre line^ of the 
engine in 0 H (cross-head), nearly midway between positions 8 
and 9, above the line, thus showing that steam is cut off at about 
85 per cent, of the stroke during the forward movement of the 
piston and crank. 

8 . With O 3 as a centre and radius, A B, describe an aro^ cut- 
ting the crank-pin circle in and join 0 and O 4 by a thick 
line. Then O O 4 is the position of the crank when steam is cut 
off firom the cylinder during the back stroke of the pisVm. 

9. With O 4 as a centre and radius equal to the length of the 
connecting-rod describe an arc cutting the centre line of the 
engine in 0 H, nearly midway between positions 7 and 8 , below 
the line, thus showing that steam is out off at about 75 per cent, 
of the stroke during the backward or return movement of the 
piston and crank. 

Secondly. Consider a similar case in every respect to the last, 
except with lead ” as well as ^ outside lap ” given to the slide- 
valve. 

Perform precisely the same construction as before, with this 
addition, via, that O N is equal to the lap O L, plus the lead 
L N ; consequently, 0 E/ is the^ centre line of the eccentric when 
the crank is in the position 0 Oj, and O E^, the centre line of the 
eccentric when steam is cut off during the forward stroke. The 
eccentric therefore turns round through the angle A O B while 
the crank turns from O to O Og, and the piston moves from 
position 0 to nearly midway between 7 and 8 abbve the centre 
ji une of engine, as indicated by the letter 0 H. 

* On the return or back stroke the crank turns from 0 to 
0 O 4 , while the piston moves from O to a little beyond fimire 6 , 
below the centre line. Steam is therefore cut off at about 75 per 
^ cent, during the forward stroke, and 62 per cent, during the back 
^sttpk 6 , as against 85 and 75 per cent, when no lead was given to 
^WsUde-valve. 

Fiid9| Forward and Backward Bcoeu(ric8.-^In large marme^ 
Ichomottvoi and other engines, the « forward " and Mving 
eocer^riol are often dxed in ^efr permanent podGga||M» the 
befrre the crank is fttted info ifo bewM^ ^he 
which 
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to their own erank will be readily understood from the forogoms 
diagrams and explanation, and by also oonsideriog the small 
figure to the left hand side of the last diagram. 

Fix the crank in a vertical position, and place on the crank- 
shaft a wooden or sheet-iron template, with the upper edge level, 
having previously drawn upon it the centre lines of the for* 
ward” and “backing” eccentrics, by the rule just described 
for lap and lead. Now mark on the crank-shaft with a /y box- 
square the centre lines of the feathers for fixing each of the 
eccentrics, and line off the outline of these feathers where they 
are to be sunk (parallel to the crank-shaft). Previous to placing 
the template on the crank^shaft, a semicircular hole has of course 
been cut from it to fit the crank-shaft. This handy method 
saves all the time, trouble, and expense of temporarily putting 
the crank-shaft in its bearings and fitting together the connect- 
ing-rod, piston-rod, piston, eccentric straps, eccentric rods, and 
slide-valve, then turning the whole engine and ascertaining by 
trial the best position of the eccentrics (which was quite^commonly 
done until a few years ago), and then disconnecting the whole in 
order to get the feathers sunk in the crank-shaft for keying on 
the eccentrics in the positions that had been ascertained by trial 
and observation. 

Zeuner’s Diagram of Simple Valve Motion.— Of the problems 
relating to the motion of a slide-valve, the case most commonly 
recurring in practice, is that in which we have given the position 
of the crank at the point of cut-off, the travel of the valve, and 
the amount of lead, and have to determine the angular advance 
of the eccentric and the amount of outside lap required. 

With centre O (see next figure) and radius equal to the throw 
of eccentric or half-travel of the valve, describe the circle 
ABODE, and through 0, draw X Y and at right angles 
^ each other. From O, draw O B, to represent the position of 
the crank when the steam is to be cut off; this is determined 
by means of thq previous diagrams. With X as centre, and 
radius X Y, equal to ^the lead of the valve, describe part of a 
bircle, and from B, draw B F, touching this circle. Through 0, 
'draw A D at right angles to B F. 

t)n OA* and OD, describe the valve circles ALO and HED. 
These are sometimes termed the “primary” and “secondary’’ 
valve circles respectively. With 0 as centre, describe the circle 
^ PM^Q, touching the line BF at the point N. This circle is 

* The line 0 A would be the centre line of ^ eccentric for the crank 
In ^ posiiion 0 Y, and going hachumdo or ^posite to the direction of 
\ t|h« amw in the figme,^ while the angle AOXi, or d, would be thaongfocr 
^tNtticel^thateooentrio. 
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If tl^e position of tb0 crank at the point of compression or thjs 
mnnt rf release is giy^n, draw OE or 00 to represent onrf 

eirole» HEPj describe 
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% Olwle oenire 0 to padd through that poinh ^oradlill o£ 
ijjifiB oircle givOs the amount of the inside lap. 

Having novr completed our diagram, vre can Bee the difitailLoe 
the valve has moved from its central position for any position of 
the crank, and also the opening of the port to steam at that 
point. Suppose the crank to be in the position 0 Q, and moving 
m the direotion of the arro^, then the distance which the Valve 
has moved from its central position is given by 0 E (or that por* 
tion of the line which is included within the valve circle AL G)] 
and since the outside lap of the valve is equal to O S, therefore 
the opening of the port to steam is equal to R S. When the 
crank reaches the position O A, the port has its maximum open- 
ing equal to A N. As it passes position O A, the valve begins 
to close the steam port; and when it arrives at O B, the steam 
port is closed altogether and the steam cut off. Therefore we 
see that, when the crank is in the position 0 F, the valve is just 
beginning to open the steam port; and when it reachea^he dead 
point O £, the steam port is open an amount == L M » X Y « the 
lead of the valve, which equality is easily proved by geometry. 

When the crank reaches the position 0 0, the valve has passed 
its middle position, and is distant from it on the other side an 
amount equal to OK; and as this is equal to the inside lap of 
the valve, therefore the exhaust port opens, and release t^es 
place at this point. As the crank passes the position 0 0, the valve 
continues to opeiythe port to exhaust. Thus, when the crank 
arrives at O Y , the valve has moved from its central position a 
distance equal to 0 T ; and, since O U is the inside lap, therefore 
the port is open to exhaust an amount equal to OT - OU » ITT. 
If WZ represents the width of the port, it is evident that, when 
the crank reaches the position OD, the valve has travelled 
beyond the port a distance equal to Z D, and, therefore, if the arc 
a 6 be drawn through Z, it is apparent that, during the motion 
of the crank from & to a, the port remains full open to exhausts 
When the crank comes to the position OE the port is completely 
closed to exhaust ; an'd, since the piston is not yet at the end of 
iti^troke, compression takes place in the cylinder. 

The shaded part of the upper or primary valve circle, represents 
idle opening of the port to steam for different positions of the 
4rank ; and when the line representing the position of the oraak 
tuts the shaded part, it indicates that the port is open to Steanii 
hv to mpnnt e^ual to tiiat portion of the Ime included between 
the tm bounding curves of the shadt^ part. Similar^, ihe 
shaded of the lower or secondaiy valve circle tepresente 

of the port to exhaust, and, as we have see^Mh fjdU 
jOpto the passage of the crank "Stasa b to ai j t hp hot' 



t6 «Ma|iiio^pocti( 14^7 M tktm, M «4;p}iiia9d «« Uk9 |n»> 
j^nning w tm» X^ure^ heftioe qo Ihte oorreqionding «& 
maem m the upper valve drole. 

The student should vrork out a few examples, in o^er to 
impress the construction on his memory ; for, if once the principle 
of the diagram is fully grasped, no difficulty will be found wl& 
any of the various problems rekting 4o the motion of the slide 
vdve. ^ 

F6t example, given tke travel, tAe lap, cmd tAe crngh of advance, 
to find* the point of cut-off, the 1^, etc., draw the circle, 
A B 0 D £, to represent the travel, as before ; also the outside lap 
circle, F M N G, and making the angle ^ equal to the given angle 
of advance, draw A D to represent the centre line of the valve 
circles. Describe the valve circles as before , then we see that 
when the crank is in the position O X, the valve is open an 
amount equal to L M, therefore L M is the lead of the valve. 
ThroughJ^e point G, where the valve circle cuts the lap circle, 
draw 0 B, then 0 B is the position of the crank at the point of 
cut-off. 

Or, suppose we are given tAe travel, the lap, and the had, and 
are required to construct the diagram and to find the angle of 
advance and the point of cut-off. Having drawn the circle, 
ABODE, representing the travel, lay off 0 M equal to the lap, 
and ML equal to the lead of the valve. From L, draw LA 
perpendicular to XY; then the angle, A OX,, is the angle of 
advance, viz , required. With centre, 0, ana radius, 0 M, do< 
scribe the outside lap circle, and on AO describe the valve circle 
as before. These circles intersect in G Through G draw 0 B, 
then 0 B is the position of the crank at the point of cubofC 

Dnder the diagram of the valve motion we have given the 
probable indicator diagram, showing the admission, cut-off, release, 
and compression, taking place at the proper points of the stroke. 

EdrmulSB for Ordmary Slide ValYes.—In the remammg portion <4 
this Lecture we purpose finding algebrai^ expressions for the more im* 
portent relations connecting the vanous quantities m the ordmary sUde 
valve. We have already shown how, on obtaining sufficient data, these 
quantities can be readily found by means of a Zeuner’s valve diagram. This 
iattw method, although very instruotive and accurate, requires the nse of 
a drawing board and drawing instruments. These are not always at hand; 
hencoii^for the ^efit of those engineers and students who can manipulate 
stn^ algebraical and trigonometrical formulss, we shall deduce W mathe- 
ma^os me more important relations oonneotmg together the Isad,** 

«tmvelofval?C^»^tttofl?,”te 
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In fellows 

T Mpresent the tMvd of valTo in inoheo. 


U 

i 


>» 

»9 


outside Up” „ 

<< inside 

•«oatiadelead» „ 

**iiiBidel^” „ 

■^ke of piston in feet. 

distance from beginning of stroke to point of out 
oflfinfeet. 


19 ^ - angle of advance of eccentric. 

19 X = angle of lead->t.s.y angle which centre Une of crank makes 
with centre line of engine when steam is just being 
admitted to cylinder. * 

99 = angle that crank moves through from beginning of stroke 

to point of cut o£ 

9, #r angle that crank moves through from beginning of stroke to 

point of release of steam. 

II 690 *■ engle that crank moves through from beginning of stroke 
to point where compression begins. 
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KoW) W 0 We a]veia.dy seen, in this lecture, that Is the poalUcn of the 
oentre of the eccentric when the piston is at Ihe beginning of Its stroke, an4 
Ea ie the position of the oentre of the eccentric men the steam is out of^ 
Let Cg be the position of crank pin when cut off takes place, then— 

L Ex 0 Eg = L Cl 0 Cg =s 00(0. 

Also iC c 0 El + L El 0 Eg + L Eg 0 cf ss 180* $ 

But zEgOcf = zeOEg = 0-X, 

d + ioflj + ^ — Xss 180*, 

, + io»-X=180* . 


Now 


ON 

0 El 


3= cos z El O N = sin z c 0 El s= sin 


. Lo + fo _ . ^ . 2 ( Lo + fo ) _ . ^ 

• • — — — Bin a, — sin 


OL 


Similarly —— = sin (^-X), •*. sin (^~X), , 

But, from equation (1) we get — * 

^-X = 18O*-(0+«0), sin (^-X) Si sin (0 + <00 ). 
Substituting this in equation ( 3 ) we haye— 

2Lo 
T ' 


! sin (^ + to*), 


{«. 

( 2 ). 

( 3 ). 


(4), 


When the steam is released let the crank be in the position 0 Cg, then 

zCiOCg^sft,,. 

First, suppose the valve to have no inside lap.” In this case the steam 
will be released when the valve is passing its middle position on its return 
stroke, i,e,, when the oentre of the eccentric is at < 2 . 

lor = zCiOCa = zBiO(f = 180*-^, . . (5). 

Next, suppose the valve to have “inside lap” = L( The release will 
then be delayed until the valve has moved past its middle position a 
distance = L<. From 0 set off a distance, O M, along 0 a ss Li. and from 
M draw MEgXOa, meeting the eccentric circle in Eg. Then Eg is the 
position of the oentre of the eccentric when release takes place. 

Hence < 0 ,. b z Cx 0 Cg = z Ex 0 Eg z Ex 0 d + z d 0 Eg 180* ^ Hh «, 
where a s z d O Eg •*. o = d - 180®, • . ( 6 ), 

OM 

Now cos z Eg 0 M 3 B sin a, 

^ = Biii(c., + ,-18(n,«w ^=-iln(-, + tf), . (7).* 

The “inside lead,” or the amount the port is open for exhaust when the 
piston is at the end of its stroke, is shown on the valve diagram, p. 183, by 
the line U T« To find the position of the centre of the eccentric when the 
piston is at the end of its stroke. Produce Ex 0 to meet the eccentric 
circle again in E 4 , then Eg is the rMuired position. From Eg drop the 
pei^pendioular E 4 K on the line 0 a. Then “ mside lead ” ^ 

»0B:- OMsc j;‘TslnzdOE 4 -Ii »iTsin0-Li 




. (9K 



^6^ vomss xrrt 

t0M^lqiMiU«M(3)Mid(9)VBSwt>^ * 

L, + {, as I« + fc . « . I*V1^^ 

whioh U also evident from tbe Valve diagram, p. 183. 

Kext, let UB find the position, OO5, of the crank wh^ oompressioii 
begins. If the valve had no “indde lap,” then compression woiud take 
plB<»r when the valve was in its middle position and moving in the opposite 
direction to that of the piston. Hence compression would take plM ,on 
the retira stroke when the centre of the eccentric was at c. ^ It is, there- 
fore, evident that the crank would then make an angle, d, with the centre 
line of engine— ^e., when there is no ** inside lap*’ 

iiCiOCfi^d. 

If, however, the valve has ** inside lap,” then compression will begin 
htfore the valve comes to its middle position. Produce E3M to meet the 
eooentrio circle again in E5, then E3 is the position of the centre of the 
eccentric when compression begins. 

. *• L Cl 0 O5 = Z El O E5 = d + a, 

«o = 360’-(d + a), .... (10). 

Let us now find a general formula connecting together th<r*' lap,” ** lead,” 
** travel of valve,” length of stroke of piston, and distance to point of 
cutoff. 

From C2, the point of cut off, drop the perpendicular Ca P on Ci Oa* 
Then (neglecting the obliquity of the connecting rod) — 

Oi P»«a?, OP — OiP — 0 Oi =5 as — J S, 

OP 

and s= 008 z Ga 0 C4 = cos (180* - »» ) = - <x>s«& 


^ ^ - cos or cos «» =! 


S-2* 


_ 1 ft _;-o »*_l-008«i^ _ X 
But cos oix — 1 2 sm* . •. sm^ = 2 « -g- , 


In a similar way, if y = distance from beginning of stroke to point of 
release, we can show that — 

Bin«^ = i • • • • 


From equation (1) we get — 

^•=9 (r-*+A, ... oo.^*=ain(*-^), 

imd from equation (12), we get~ 


^ How, bisect Z Ei OEe by the line OE, and ficom E draw EHXOi C4I 
then z c 0 E d — 

Einct -I* muft be a veiyteaQ angle, the perpendiUmlaiv 

sisa^l^btMM^LN^ *•* OH V* -h jlo* 





-'oflizSOH 
4* 4 

.V |«1 - (*^ j '''^-), 

.,..8 {.-( ii !^)-^ . . 041 . 

We aluJl now apply the results we have arrived at to the solution of one 
or two examples To enable us to solve these examples we must have 
recourse to *a table of natural smes, cosmes, &o , which will be found in 
boohs on logarithms and most pocket books of formulas, or at the end of 
this Text book. We may here collect together the results we have arrived 
at for the sake of reference 

+ ( 1 ). 

= ( 2 ). 

«« ^=4 am (9-X), (3). 

= Sin ( 4 ). 

•r = 180® - $ (no “ inside lap ”), (5). 

= 180® -{$- a) (with “ mside lap ”), (6). 

21h 

= sin a = - sm (8 + Wr ). . . . (7). 

8(U^tid_Bn3, (8). 

Lo + lo -I h •¥ It, ( 9 ). 

«o = 360®-(9 + e), .... (10) 

00--.=^ m 

<“). 

tlS). 

. . m 

iir.J9.— In using the above formulas it must be remembered that the 
obliquity of the connecting rod and eccentne-rod are not taken mto 
aocount* 

Wa(0ai>^ l.^-^iven ** travel of valve^ ss 5 ms., ** outside lap’* s 9 jn., 
**inme lap** ^ | in , **angle of advance*’ = 20^. Fmd position of the 
enm (a) at admissionf (b) at out off, (o) at release, and (d) at compression* 
BsreTssdins, L»s}in, Lis^in., d»20** 

*»-»). 2^. «}4.* 
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Bafeninc to » table of nabnnl eines we see tint *8 la fhe dM of m aai^e 
of Iras', 

.% aln (8-M “ aln ir STj or f-X = ir 28', and X » sr-ir 28' - 2*82', 
la., tiw oraak makea an ang^ of 2° 82' with centre line of engine when 
•toam is admitted# 

(b) To find position of crank a/t cut off. From equation (1) we get 
«, rs 18(F- 20 + 180*- 4!T + 2" 32' = 142’ 82'. 

(o) To find pontion of crank when steam is rdeased. From equation (7) 
we get 

ain(tf + i.,) = -?^ = -^i=--1833. ' 

Now the angle whose sine is - *13 most either be - 7** 40' or 180* + 7* 40' 
■B 187* 40'. But 9 + «r cannot be negative, therefore we must take the 
ether value. «i 

. *. ^ + lir * 187* 40', and = 167* 40'. 

(d) To find position of crank when compresekn takes piace. From 
equation (10) we get 

^ = 360* - (d + a) 5 •Th 

and fK>m equation (6) we get 

a = + ^ - 180“ = 16r40' + 20* - 180* = 7*40'. 

Substituting this in the last equation, we get 

«o » 360* - 20* - r 40' =« 382*20'g 

or oomnression takes place when the crank makes an angle of 27* 40^ with 
centre line of enme. 

Eosample 2.— Given the ** outside lap” s 1} in., ** inside lap” == i in., 
” outside lead ” = ^ in. Length of stroke of engine s 4 ft., cut off at f of 
stroke. Find {a) the ‘*travm of the valve,” (&) the ** angle of advance,” 
(c) ** inside lead,” (d) distance to point of release, (e) distance from 
beginning of stroke when compression begins. 

Here Lo ~ li in., L| s ^ in., | in., S — 4 ft., » « f x 4 s 24 ft. 

(a) To find the ” travd of the vedve” From equation (14) we get-*- 

*** 

(b) To find** angle advance.** From equation (2) we get— 



** 687 % 
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' voa (Ma»»iST niDa taiiTm. 

. * k t 

IcY ^JMih4 Uad,** BVom eqtiatioii (9) we get-^ 

I« + A » L» 4* 

(d) Tit find distmee to point qfreieaae from loginning if otroho* From 
equation (13) we get— 


-a«i ^ 1 COB »r 

'■“*1-= 2 


Also, from equation (7) we have — 


8in(^ + «r)=: 


2xJ_ 
"FT “ 


^BinlSS^SS'. 


.% «r =* 186*38' - 39*36' = 146*3'. 
ooso)^ a - COB (180* - 146*3') = - coB34*nearly - - •829. 
1 + 


ys 4 X 


2 


= 8-66 ft. 


(e) To find distaneo of piston from beginning of staroJco when eomprenim 
begins. Referring to our figure (p. 186), drawC 5 RXOOi. Then GiR 
ie the required diBtance. 

Now, OiB-OOi -OB» IS - iSc<w/OiOCcs:iS{l-cos(0+a)}. 

And a = Ur + 3 - 180* equation (6). 

... e + « =: «^ + 2^ - 180* = 146* + 79* 10' - 180*, by (b) and (d), 

= 46*10'. 

OiB= 4S{l - 00846*10'} =2 {l - -706} ft = *69 a 


Example 3.— In a steam engine the cut off takes place at '7 of the stroke, 
the angle of lead is 6* 9', the width of the steam port is 11 ina, and the 
17 

steam port opens ^ of its area. Find by Zeuner’s diagram (neglecting 

obliquity) the travel of the slide, the angle of advance, the outside lap, 
and the outside lead. What would be we amount of inside lap neces- 
sary to produce cushioning after | of the stroke has been performed? 


(S. and A. Hon. Exam., 1888)— cos 66* 26' s *4 ; cos 69* 62' == *602. 

This question is evidently intended to be solvbd partly by calculation. 
In an esami nation tables are now allowed to be used, and therefore it will 
be interesting to solve, with the data given, how this question may be 
answered. 

Draw the two axes, X 0 Y, Xi 0 Yi, at right angles to each other. 
With 0 as centre describe any cirde xby. Divide x y into ten equal narts. 
F^rmn the seventh point of division, measured from s?, draw 7 b Lx y, 
meeting the oirele in 6. Join 0 h and produce it. The line 0 h represents 
the i^dlapn of the crank when steam is cut off. From 0 draw O f below 
OX, nitSing 4XO/s^k » 6*9' s angle of lead. Biseet z/Oohythe 
line Ook then laOXi m $ is eagle of advance. This is about all the • 
liength We can ^ go, with the oonstmetion in the meantime. ..We msf, 
bowoFer, our protrqotor end meecqre the angles d end ¥ (>■ 4 « Co). 




Iieam la of the area of the port, then it follows that the mazSmnm 
penmg for steam = H x H = ™ Now, wo have seen, p, 17a,that-^ 

T = 2 (Lo + max. opening for steam), 

« 2 (Lo + *), 

rhsre h » max. opening for steam » 1 ^ ms. 

2L.^i 2it 

A T ^ * * 

But *a sill ), equation (6), and d =s 90* - , eqoatioii (1), 

$u]bsllt«tingthlsin(a),m ^ ^ ' 

-fX -tel** ' 


oos 





' MiBinr:i^ itfai miOM rwrm '^fMl 


Hoioe from d«ta givoa in the question, we see that 
«. a ISO* - 66’ 26' s 113* Se* ; 

.«. eos a+jb = oos moimsirsse ■ 


as ffiven in question. 

Substituting this in (jS), we get 

•602= 1 - ^ T = ^ 
T '498 


^JLiA - 4.26 ins. 
*498 *"»“»• 


With centre 0, and radius s 2*13 ins., describe circle X Yi Y, cutting 
0/, 0 bf and 0 a in F, B, and A. Join F B, cutting 0 A at right angles at 
N ; then ON is the outside lap. With centre, X, describe an arc of a 
circle tanugyiJb to F B ; then the raditis, X Y, of this circle is the outside 
lead ; or the outside lead may be got from M L. To find the amount td 
inside lap necesa^ to produce cushioning after | of the stroke has becm 
TOrformed. Divide XY into 7 equal parts, and from the first point of 
division next X, draw the perpendicular downward to meet the circle 
in £. Join 0 £. Then O £ is the position of the crank when compres- 
sion begins. Let £ out the valve circle, 0 D, in H. With centre, 0, and 
radius, OH, describe the circle, H WU. The radius of this circle gives 
the inside lap. Since £ H outs the circle, 0 D, at a very small angle, it 
may be difficult to find the exact point, H, of intersection. This, however, 
can be easily overcome, remembering that the angle in a semicircle is a 
right angle. From D, draw D H X £ 0, the point of intersection, H, is 
the required point. 



H 




- * lOQZirea XIV.— QramonB. ^ > ' - . 

i ? -v#®- 

j 1» Sk0t<^ an eocentrio and desoribe the several pafts. Wbf^t is 
^QW of an ecoentrioT Upon what does the amount of throw dep^l 
V$1iat is the angle of advance ? 

2» What is the lap of a slide valvef Draw a section of a simple slide 
valve and ports, showing the valve (1) without lap, (2) with lap. for what 
pnrpost is lap ” given to a slide vadve ? « 

3. What efieot is produced by putting lap on a slide valve? The lap on 
the steam side of a slide valve is It inches, that on the exhaust side Is i 
inch, and the lead is -t inch. Find the opting for exhaust which the valve 

f ives at the lower port when the piston is at the top of itf stroke. Ana* 
#inch. 

4. Make a diagram showing a crank going backward, or opposite to the 
hands of a watch, and mark on the crank circle the points ox admission, 
eut-off, release, and compression. Draw the probable curve of pressures 
underneath of a non-condensing engine showmg the atmospheric line. 

d. In a direct-acting horizontal engine the lengths of the crank and con- 
necting-rod are 1 and 6 feet respectively. How &r is the piston from the 
middle of its stroke when the crank is vertical 7 Ana. 1 *23 inch. 

6. Taking a direct-acting engine, and disregardmg the effect ^ obliquity 
of the connecting rod, you are required to assign the proportion of lap to 
travel of slide valve, in order to cut off steam at } of the stroke. Ana. f 
7. Given that the travel of a slide valve is 5 inches, outside or steam lap 
) inch, and the angle of advance 224 % find graphically the position of the 
prank at the point of cut-off Ana. 140*^ from dead centre Ime. 

8. In a direct-acting non-condensing engme let the crank be on the back 
dead centre. Sketch the slide valve and ports, marking the lap and lead. 
What is the object of putting inside lap to vrive ? 

2* The stroke of the piston in a direct-acting engine is 4 feet, and the 
length of tiie connecting rod is 9 feet How mr is the piston from the 
miadle of its stroke when the crank has made 4 of a revolution from a dead 
point? Ana 2*7 inches. 




ss 8! 
= 2j 


Ana 


A = 4* 3'. 

= 114“ 3'. 
= 148“ Iff. 


: 28“ 16'. 
t *26 in. 


Travel of valve 
Outside lap 
Inside lap 
Angle of advance 

Find the points- of admission, cut off, release, and compression, and the 
amount of lead by a Zeuner’s diagram. 
kAI. Given- 

Outside lap as 14 inch. rifis. T a: 6 inp. 

Maximum opening for steam = l| „ ^ « *25 „ 

Out-off at A of the stroke. 0 as 37% 

tMtotxoine the travel of valve, lead, and the angle of advance. 

Iff Given. 

™ ^avel of the valve as 44 inches. ) Ana. 3"36}% 56*234% 28*37|% 
^^delap asl^ „ (86^22}'. 


ddelap 


^ These angles ai^measnvt^frpm 

^ ) the dead centres line. ^ . 

^ a positions of the crank at admission, cut-off; release, and eomptei* 

tjjsp lead of the valve* * , 

Ahoriuontal pn^e Is conatmoted with(atiirea-portpdor1 
sMa v^imMd single eOQ(mt^ the steam at half 




^ reUtivd n^ilm 
oviiiig a Ql^okoi on the Buppoeitlon that the eon* 
length or remaiiie parallel to iteelf* How ie thia 
^ altered when a degnite length is assigned to the ooimeotixig«rodli 
The orank of an engine is 3 feet 6 inches, and the oonnectmg*rod 
3 feet long. Find the angle whidi the crank makes with the vertical 
when the piston is at half-stroke. Ana, ir 12' 44". 

16« Explain the effects produced by putting outside and inside lap 
re^ctlfvmy upon the slide valve of an engine. The outside lap is 1| 
in<mes« the lead is i inch, and the greatest opening for steam is l|l inobeSf 
what is the ti^el of the valve, and how far is the valve from its mi^le 
position'^hen we piston is just beginning its stroke? Ana, 6} ins.; 1} ins* 

17. The length of crank is 14 m<mes, the slide-valve has half-travel of 2^ 
inches, its lap is IJ inches, and its lead i inch. At what distance from tho 
end of the stroke will the piston be when the steam is out off, if the angu- 
larity of the connecting-rod is neglected ? Prove that the Zeuner diagram 
gives correct answers when the motions are simple harmonic. (S. £ A.» 
1897, Adv.) 

18. A link motion works a slide-valve ; outside lap, 0*6 inch. By shift- 
ing the gear we get the following : — 


Half-travel, . 

2-50” 

2*10' 


1*62" 

Angle of advance. 

30" 

40" 

61" 

69" 


Find in each case the positions of the crank at admiasionf cut-off^ releasst 
and com^easion, and sketch the hypothetical indicator diagrams, taking 
any initial and back pressures you please. Neglect the angularity of the 
oonneoting-rod. (S. & A., 1897, Adv.) 

19. Prove the correctness of the Zeuner valve diagram. A valve has an 
outside lap 1 inch, inside lap 0*3 inch. It is work^ by a gear giving, in 
two positions, the following values of the half travel and advance 


Half-travel, ..... 

312* 


Advance, 

lllllllllll^^ 

61" 


If the oonneoting-rod is five times the length of the orank, find the points 
of out-off for bow ends of the cylinder in Doth cases. What sort of gear 
mijnt give the above conditions ? (B. of E., 1900, Adv. and H., Parti.) 

20. Steam is admitted to the cylinder of a double-acting engine at 80 lbs. 

^ square inch. The back pressure is 17 lbs. per square inch. Uihe 
' t of the engine may be taken to be represented by a back press^ 

L per hquaire inch on the piston. Find the cut-off to give maxUnum 
I work onoio foot of steam, taking *‘pv oonstant as the law of 
* Negleot olearanee, cushioning, and condensation. If yoo^ 
f>for the average piSiinire, prove it eorreet. (B. of E., lAK^ " 
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1 iBohi inside lap 0*8 inch, draw a passible indicator diagrain. Brove yonv 
valve diagram to be correct. (B. of 1901, Adv.) ** 

29. The stroke of a slide valve is 3i inches, the outside lap is f inch, 
and the inside lap is ^ inch Find the maximum opening of the port to 
steam, the angular advanro (the lead of the valve being ^ inch), and the 
piston positions at cut-oif, release, and when compression begins. You 
may neglect the eiTeot of the obliquity of the connecting-rod. (C. A G., 
190l, or, Sect. 0.) . 

23* The travel of a D-valve is 3 inches, and the angular advance is 30^ 
Find the outside lap, so that the lead may be ^ inch, and, neglecting the 
obliquity of the connecting-rod, find the position of the piston at the point 
of cut-off. ^ Sketch the valve. (0. & G., 1902, 0., Sec. 0.) • 

24. A slide valve has a stroke of 4| inches, a lead of ^ inch, and a lap of 
inches : determine by construction at what point of the piston stroke 

the valve opens, shuts off steam, and opens release. Neglect effects due to 
cbliquity of connecting-rod. (C. & G., 1902, 0., Sec. C ) 

25. Sketch a simple slide-valve showing cylinder ports and no more of 
the cylinder ; show the valve in its mid position. Show in dotted lines 
the position of the valve when the piston has just begun its stroke. What 
do we mean by outside lap of a valve, inside lap, advance, and half -travel? 
The half-travel is 3*36 inches, advance 42”. What simple diagt&m enables 
us to find the distance of the valve from its mid stroke for any position of 
the main crank? Prove it correct. Having such a diagram, we obtain 
the openings of the port to steam or exhaust by subtracting the outside or 
inside lap; explain how this occurs. (B. of E., 1903, Adv. and H., Part i.) 


LECTURE XV. 


OoKTENTS.— ^tual versus Ideal Conditions and Behaviour of Steam in the 
Cylinder of a Steam Engine — Loss of Pressure and Temperature, with 
Condensation, between Boiler and Engine Cylinder —Initial Condensa- 
tion in the Cylinder— Devices for Reducing Cylinder Condensation-* 
Steam Jacketing as a Preventive against Initial Condensation 
—Superheating as a Preventive against Initial Condensation- 
History of Superheated Steam — ProiT Ewing’s 1899 Trials on the 
Schmidt System— Prof. Watkinson’s Superheaters — Imaginary and 
Actual Steam Expansion Curves— The Real Benefits of Superheated 
Stean»« Steam Separatoi s— Effects of Clearance— Compression or 
Cushioning — Causes why Compression does not Return the Work Spent 
on it — Lead — W ire-drawing— Release— Compounding — Questions. 

Actual versus the Ideal Conditions and Behaviour of Steam in 
the Cylinder of a Steam Engine.— In Lectures XII. and XIIL, 
ideal, perfect, or imaginary conditions of the action of steam and 
of a gas doing work in a cylinder were considered. In Lecture 
XIV. the distribution of steam in a cylinder was dealt with, as 
effected and affected by the ordinary eccentric, slide valve, crank, 
connecting-rod and piston. ITow, .we have to consider : — 

(1) In what condition ordinary steam from an ordinary boiler 
arrives at the engine stop valve, and how it is affected by its 
admission therefrom into the valve casing and the cylinder. 

(2) How the steam behaves up to the point of cut-off, during 
expansion, release, exhaust and compression. 

(3) How far the losses due to conduction, radiation, wire- 
drawing, clearance, and initial condensation are preventable, and 
what are the supposed as well as the adtual benefits derived 
from high speeds, superheating, and from compound expansion 
in two or more cylinders. 

Loss of Pressure and Temperature, with Condensation, between 
BbUer and Engine Cylinder. — Suppose that a boiler is capable of 
genetating plenty of dry steam to keep an engine going con- 
tinuously at its full normal load, then, if the steam pipes 
connecting the boiler and engine stop valves are short, straight, 
of fiiiyigent size, wdtwelldagged with good non-oonduomug^ 
drop in pressure and corresponding temperatuiw 
boiler ana the cylinder side of the stop valve, at 
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^aCi&UratQ steam gauges aix4 

3 ft>u1id^i;t6t ex^^ed 2 pet cent. It, however, often happi^^^ 
they to tpo long or too small or imperfectly coveted st^m 
pipes, with perhaps syeral sharp bends, that the &ll of pressure 
betMreen a boiler and an engine sto^ valve exceeds 10 per cent*, 
due to wire-drawing and friction. This mere *drop in pressure, 
although it represents a direct loss in the potential energy of 
the steam, does not constitute the whole evil. For, undoubtedly, 
if the steam left the boiler as dry saturated steam, without any 
superheat in it, a portion would have liquefied on arrival at the 
valve casing. This very liquefaction bedews or wets the inner 
surfaces of the steam pipe and valve casing, the valve, ports, 
cylinder cover, and piston, thus causing still further liquefaction 
on account of the fact, that steam much more readily condenses 
upon a wet than upon a dry metallic surface. Further, wet 
steam leaks past valves and pistons much more easily than ixy 
steam. Consequently, by the time that steam with only a 2 per 
cent, drop in pressure has passed from the stop valve into the 
cylinder through large, straight, short ports and begun to do its 
work upon the piston, it will have lost at least oth^ 2 per cent, 
in pressure, and probably 10 per cent, of the weight of steam 
which left the boiler, up to the point of cut-oiOP in each stroke, 
exists as water in the cylinder, even if the valve casing and 
cylinder are well lagged and covered with wood. Whereas, in 
the qase of the steam which arrived at the stop valve with a 10 
per cent, drop in pressure, if it has now to pass through long, 
narrow, bent ports, and if the cylinder and valve casing are not 
lagged, it may have lost more than other 10 per cent in pressure 
and 30 to 50 per cent, of the weight of the steam which left the 
boiler dry, may now exist as water in the cylinder at the point 
of cut-off I Such a condition of affairs has been in the past of 
only too common occurrence, and it is peifectly evident, that 
SUdn a mixture of steam and water cannot possibly expand ih 
tbd cylinder, either isothermally or adiabatically. It is, there- 
fore, mot giving the good dry steam which left the boiler a 
ftdr chance to treat it in this crude, unscientific, and un- 


econpthical manner. 

Qf late, far more attention has been given to this subject than 
the <«we twenty-five to thirty years ago. The urgs&t 
delpChude due to severe local and international competition, for 

f ical marine, factory, and electric plant engines, coupled 
e timultaneous rapid advance and opportunitiea of men- 
{ineetimg education, have eo comKIned tct^prodncOj^^ai^ 
{^ipps^and engines, trherein steam is 
^ati4^wqrke4^ ijhat leave hut 





tWB. «a7 or m otNWDiotMi pmmis^'rm ' 
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Jbdfial OobdoBsatton In the Oyllndej^.^l^For the piu^poci^ of 
argument and explanation, let ns just suppose that the itteam 
pipes are extra large and short, and that they have beeh weU 
lagged with the very best commercial noD-conduoting material ; 
further, that the valve casing and the cylinder are well lagged 
an^ covered with wood; also, that the steam ports are short and 
large, and that dry steam is admitted into the valve casing* 
ISTow, if the cylinder is one belonging to a simple condensing 
engine, its end, into which the steam is being admitted from the 
valve casing, must have been in direct communication with the 
condenser during the exhaust of the previous stroke. Oonse* 
quently, this end must have been reduced to nearly the tern* 
perature of the exhaust steam, because the interchange of heat 
between the working skin surface of the cylinder and the 
exhausttng steam is rapid. The temperature of the inside of an 
ordinary condenser may vary between lOO"* and 140** F., accord* 
ing to the vacuum and other circumstances, but we shall not be 
far wrong if we suppose, that the surfaces of the piston, cylinder 
cover, and port through which the steam just left this cylinder 
during the end of the previous stroke, had fallen to between 
150* and 190* F Now, if the fresh, dry, entering steam be* 
say, 60 lbs. pressure absolute, its temperatuie will be 260* F«; 
and, naturally, the moment that it comes into contact with a 
conducting surface of only 150* to 190° F., it will at once part 
with a quantity of its heat with the result, that some of it in* 
Stantly condenses upon the surfaces of the steam passages, cylinder 
cover^ and piston, until these have been warmed up to a tem- 
perature somewhere between what they were and that of the 
entering steam. The very fact of these surfaces thus becoming 
wet induces still more steam to condense and Ihe pressure to 
fall further than if they had been dry at the reduced tempetl^ 
^nre. This lique/aeUm is termed ** the initial condensation 6f the 
0ie0m in eylinder*^ It accounts for a large proportion of the 
c^^umption of the steam in the cylinder of a simple condensing 
engine. 
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Baring the time that this steam is entering the cylinder 
ap to the point of cut-ofi^ part of its potential energy ie 
being converted into work. If the pressure in the cylinder 
be kept constant up to cut-off, it shows that these initial 
losses are being replenished by fresh boiler steam and the 
drain on that steam by heat from the furnace. 

When cut-off occurs and expansion of the steam really begins 
in the cylinder, still further liquefaction takes place and 
the pressure drops more quickly than it would otherwise have 
done, due to the mere transformation of heat into work, because 
fresh surfaces are being exposed by the piston. This liquefaction 
goes on until the temperature of the liquefied steam exceeds 
that of the steam in the cylinder. Then, re-evaporation takes 
place, and the pressure during the latter part of the stroke 
is kept up higher than it would be, due to the expansion 
of dry steam. Most of this re-evaporation, however, occurs 
during release and the exhaust stroke. This prevents the 
vacuum from being so good as it would otherwise have been, 
had the steam remained dry from admission to the end 
of the steam stroke. Consequently, a large portion of the 
heat of the entering steam, which is spent m raising the 
temperature of the cylinder, is uselessly thrown away in 
heating the condenser and creating an opposing back pres- 
sure. 

V Devices for Reducing Cylinder Condensation.-— In addition to 
Watt’s separate condenser^ which is always used in the case of 
condensing engines, the following are the chief methods which 
have been tried for reducing the initial and subsequent con- 
densation of steam in the cylinders of steam engines, although 
not necessarily in this precise order : — (1) Steam jacketing, (2) 
superheating, (3) steam separators, (4) reducing the clearance 
surfaces and volumes in the passages and cylinders, and (5) 
compounding. We shall endeavour to discuss these methods in 
this and in the subsequent lectures as fully as the space will 
permit, and give references to the more important papers which 
wecially treat on them. 

Steam Jacketing as a Preventive against Initial Condensation. 
•—To prevent excessive initial condensation as well as the undue 
alternating ^ive and take of heat between the working steam 
and the cylinder surfaces as far as possible. Watt invented a 
system which he termed ** Steam Jacketing the Oylinder.” This 
consms of passing steam direct from the boiler into an annular 
Spaoo surrounding the cylinder barrel, aiyl sometimes into l^e 
cylinder covers, which are mado hollow for that purpo^^^^e 
idea was 'keep the cylinder sur&ces as hot as ppsis|jP. 



AM 4 MBYBKTIYtB. 


SOI 


howeYer, really requires steam ot coixsiderably higher tempera* 
ture than the initial temperature of the entering steam> urith 
whioh to fill the jackets, before it can be of great use, and hence 
the hot air jacket devised by Mr. Edward Field.^ Still, 
ordinary steam jacketing does materially help to prevent con* 
densation inside the cylinder j and, as we shall see from the 
np-to-date practical examples which are illustrated and described 
further on, that this system is frequently adopted. It is simply a 
case oi confining liquefaction of steam to the jacket, where it is 
harmless if the jacket is properly drained of both water and air, 
instead of permitting it to take place unduly inside the cylinder, 
where it is highly detrimental and wasteful; since, during the 
admission to and the expansion of steam inside the cylinder of a 
steam*jacketed engine, liquefaction must take place in the jacket 
in order to provide heat for the work being done inside the 
cylinder. 

It is doubtful if Watt thoroughly understood the principle of 
the action of the steam jacket, and for a long time after he 
introduced it, engineers thought that it was simply a case of 
** robbing Peter to pay Paul.” Of course, the surrounding of 
the working barrel and the covers of a cylinder with a steam*^ 
jacket does not do away with the necessity for the lagging of the 
cast-iron outsides of the jacket with a good non-conductor. 
The better these are lagged, the more will conduction and 
radiation of heat be prevented to their outer surroundings; 
and, consequently, the more thoroughly will the heat in the 
steam jacket penetrate inwards to the working steam. Besides, 
it ensures a cooler, and hence a more comfortable, engine-room 
if as little heat as possible passes into it. 

Economy Due to Steam Jacketing, — (1) This increases the 
earlier the cut-off. (2) It increases the less the diameter of the 
cylinder. (3) It decreases as the piston speed and revolutions 
increase, (4) It decreases the higher the entering steam is 
superheated. For example, it is of little use to jacket the H.P. 
cylinder of a compound engine when the supply steam is super* 
heated by 200® F. or more. 


*See the Author’s Text-Book on Applied Mechanice and Mechomced 
voL i., Lecture VIII., for a description, with his tests, of 

'^Aeld’s (^mbined Steam and Hot Air Engine.” Field forced hot air 
obtained from pipes situated in the boiler flues into the jacket of his engine 
at an entering temperature of over 574** F., whilst the initial temperature 
of his steam was only 345“ F. There was, consequently, a continual trana- 
Uap of heat tom this higl^ temperature air through the walls of his 
“yhioh ^eotueUy prevented the slightest condensation of thq 
With i^ooepm-eondeming eiin^’CyUnder engine, the steam 
lbs. per XB.Pf*hoiir, 
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wi ft Preventive against Initial Oetidensatiio^.^^ 
^ |ftXi^ti3|veyiXtcWe dtplained what was meant by ea|ierhei^^g 
steam, We showed there, that if heat be added to dry ateftm 
its temperature is raised without increasing its pressure, and 
the more it is heated the nearer does it approach to the physical 
<|Ualitie8 of a perfect gas. Oonsequently, if a convenient and 
economical means be adopted of imparting the necessary hdat* 
units to steam, which shall ensure not only its arrival at the 
cylinder in a perfectly dry state, but also prevent initial con- 
densation during the time of its admission and during expansion, 
the whole of the troubles of leakage past pistons and valves, as 
\^ell as the condensation (which we have been discussing), would 
at first sight appear to be overcome. In order to explain how this 
desirable object has not been so easily accomplished, and how it 
happened that its adoption has recently been revived and 
strongly advocated, we shall devote a few pages to the history 
of this subject, to the means by which it is produced, to the 
precautions which must be observed in using it, and to some of 
the current misconceptions regarding its thermo-dynamio pro- 
perties and its capabilities. 

^ Hiatoxy of Superheated Steam, f— From an early date in the 
use of steam as a motive power, it was recognised, that the 
steam generated in ordinary steam boilers contained more or 
less water in suspension. It was also known, that if this 
suspended water — or priming water, as it is usually called^ was 
converted into dry steam, or still better, into svperlmted steam, 
economy would result in its use in the steam engine. The 
precise physical qualities, functions, and most reliable methods 
of creating as well as of using highly superheated steam are still 
engaging the special attention of engineers. 

Although John Payne undoubtedly produced superheated 
steam in his “fiash" boilers in 1736, Sir William Congreve 
treated steam after its formation in a boiler in 1821, and Jacob 
Perkins produced such steam in 1822, it was not until 1832 that 
f<{|Treyithick patented «nd seemed to understand the economy 
jSerivable^ from the use of superheated steam. We are, howeter, 
iuaebted to the investigations of Him for the first really useful 
trials aud scientific explanations of its properties, as foutid in ^ 

formula, oaloulations, and oorves showing the peroei] 

. ^UB6 of superheated steam with different ensmes, see ! 
rith Superheated Steam. 
ent who desires to stud 

tpibrMtilwjntijMl m nonOixwii, '' < 
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if mpr$. ’ JBte # fern df 8 iiwerlie»iier I 4 WM ^ 

vji^lil ^ «Mle«li tb« « flypo-thermotgeneMktor. <■ 

About the sumo time (1854 to 1864)^ Mr. B. I*. l8herwood» 
Oblo^ Sngiueer, XJ.S. liTavy, carried out a series of experiiueutal 
researches to ascertain the comparatiye economy of steam with 
different measures of expansion, the c|buses and quantities of the 
condensations in the cylinder, the economic effect of steam 
jacketing and steam superheating, &o,* 

Mr. John Penn, the well-known marine engineer of Oreen- 
wichf fitted superheating apparatus into the S.S. “ Valetta*' in 
1857, and thus saved 20 per cent, in the consumption of fuel* 
Many other eminent engineers followed his example, such as 
Boulton & Watt, with Scott Bussell, for the “ Great Eastern ^ 
in 1862, thus superheaters for marine engines became more 
or less popular during these 10 or 12 years.t 
The author remembers bearing a hand in pulling out 
some of^these installations whilst serving his apprentice** 


ship at the Aberdeen Iron Works in 1868, bec^use^ con^ 
slderable trouble had been experienced from their pitting 
and corrosion, as well as from the difficulty of lubricating the 
pistons, ^ide valves and their rods. Although the pressure of 
steam did not exceed 20 lbs. by gauge at that time, yet the^ 
temperature of the superheated steam was such, that it either 
decomposed or volatilised the ordinary fatty and vegetable oils 
then used for lubrication purposes. Seeing that Randolph, of 
Randolph k Elder, Glasgow, had successfully made and applied 
compound marine engines by 1868, with better commerwl 
results and with far less trouble than any known combination 
of superheaters and simple condensing marine engines, super- 
heating fell into disfavour until they were revived about ten 
years ago, in 1895 ( 

Prof Ewing’s 1809 Trials of the Schmidt System.— In Oc^bevi 
189^, Prof, J. A. Ewing, F.R,S., of Cambridge IJnivertity, 
teab^ ^*The Schmidt System” at Sheffield on a single-aotii^ 
engine with two horizontal cylinders lying side by side. This*^ 


* See Mk^peHmeintal ReseoArchta in. Steam Engineering, by Ohief-BiiigijaeC’^ 
B, P. Isherwood, U.S. Navy, published by Wm. Hamilton, Hall of the 
Praiik%<^titate, 1863. 

fSee Inst* (7. A, 1860 j Tram* Imt. M.E*, 1859-60, and <*Boutne 
on the Steam Engine.” ^ 

;tSeej2Vm. Mseh. Enge*, April, 1896, for a papw by Wm. Pateh^, 
^ Prof. W. C. Unwin’s paper on *‘The Peterminatioh of the 

thyimeijpf Steam/’ 0*E*^ vol. eoviii., May, 1897, to 

So«. M»*h. 

MKviWKto Pm. IL H.iC!hiirae«m*k Uanar on ^^SnoerhaatM Steaai.^ ' 
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engine had pistons of long trunks without piston^rodi or stuffing* 
boxes, and cranks set at 180* apart. The pistons were 7*09 
'inches diameter, stroke 11*8 inches, and made 175 revolutions 
per minute. Steam was generated in a vertical boiler with cross 
tubes, and above the vertical flue was flxed the Superheater. 
When the boiler pressure was 129 lbs. per square inch by gauge, 
the temperature of the steam leaving the superheater was 387* 
0. and 338* C. at the engine. This small condensing engine of 
20*1 I.H.P. only used 17*7 lbs. of steam per I.H.P.-hour, as 
measured by weighing the condensed steam. This ^excellent 
result, as well as others carried out by the same person on other 
plants of the same make, gave a special impetus to inventors 
and steam engine users, more especially to those in charge of 
central electrical stations. Since then, many other patented 
forms have been tried more or less successfully and economic- 
ally. With the use of the high flash-point oils and the 
adoption of valves and superheater tubes made of spepjial metals 
to resist erosion and corrosion, they have overcome the difficul- 
ties of lubrication and chemical action so freely experienced by 
the previous generation of engineers. 

Prof. Watkinson’s Superheaters.'^— The present Professor of 

Steam Engines and other Prime 
Movers at the Glasgow Tech- 
nical Oollege is one of the most 
successful advocates of steam 
superheating. Early during this 
last wave of resuscitation in 
its favour, he devised two types 
of superheaters on the mde- 
pendently fired and the shunt 
Gircuit systems. Fig. 1 is a 
reduced illustration of a photo- 
graph taken during the con- 
struction of an independently 
fired superheater in the Scots- 
toun Iron Works of Messrs. 
Meehan Sons, Glasgow, and 
»^iG, 1.— PaoF. Watkinsok’s Super- which has been working for 
HHATBBroBlNDBPKHDEKTFraiNG. gomo years in a Lanarkshire 

Colliery. 

The three “ headers ” or straight pipes seen at the bottom 
of the photograph are usually made of mild steel of 10 to 12, or 

. ©•See jProe. Inst, June, 1903, for his jj^per on **Some ITew Typos 
i.s|^uperheaterB." I am indebted to this Institution and to Prol WeSiin- 
for permission to reproduce the three figures with my' own 
^dex lettering, and make this reference to his paper. ^ v- 



istoi^in^ee iid tittmelbria«5orc^ the siste of th® ituitftllftMQ*^ . 
0fl8t’the inv#^ U tubw s^' H to IJ inches o£ solid drsWjn 
st^el. These tubes are so arranged in rows and at such sitiall 
distances apart, that the products of combustion from the 
furnace must pass between them in thin divided sheets. The 
object of causing the heated gases to be split up in this way is, 
that they may the more readily part with their heat to the tubes. 
Ordinary, steam (wet or dry) from the boiler stop valve, hrst 
passes ^into the “ inlet ” header, then through one set of tubes to 
the “intermediate” header, from it through the second set of 
tubes to the “outlet” header, and from it to the stop valve at 
the engine in a more or less superheated condition, by regulating 
^he flue dampers. The products of combustion flow transversely 
through between the tubes, where the temperature of the ap- 
proaching gases may be white hot, whilst they may leave 
them at 450* F. or thereby. Consequently, care must be taken, 
that neitl]^r the tubes suffer, nor the steam be over-superheated, 
nor the gases leave at too high or too low a temperature. One 
thing is clear, that^he tubes in this superheater have great 
freedom of expansion and contraction, due to their shape and to 
their simple attachment to the headers ; for, they are merely 
passed through drilled holes in the latter and flxed thereto by a 
boiler tube expander, applied from the insides of the headers in 
the ordinary way. 



. 2.— Fact. Watkinson*s SursEHEATBa for Dbtbaok I/and Boilbbs. 

Fig- 2 shows the application of a shunt circuit superheater to 
an ordinary “dry back” land boiler. Here the furnace giises 
pass, as indicated by the arrows, from the furnace flue tube F T, 
of the . boiler B, to th|> combustion chamber 00, and strike 
, ag^hs^. the inside of the brick ^tting B S. Then, according tb« 
of the damper door H, ihore or less of the gases 


■||p^jgtt;^»;toijw tttbes'BT, 'The.reinii^i^e^'‘|iijt^"i^,S|#iif^i^' 
stt^iheater chamber, S 0, through betw^faod'^^^^ ' 
^^ rope^hbater U tubes, T (as shown hanging freely frbm ihbfr. 
^ i!^ M0^6rs» H), to the opening left by the elevated damper^rljf, - 
. ’th® boiler tubes as before, and from thence to front smoke box 
ana up the chimney. When the damper, D, is closed, none of 
the gases pass through the superheater. ’ 



Vig. S shows this superheater placed above the front 
box of a marire boiler B, inside the uptake XT, below the 
funnel F. Hero the gases which leave the boiler tubes for the 
uptake H, pass by the two headers Hy H,, through between 
the inverted U superheater tubes T, to the funnel F, where 
♦he throttle valve type of damper D, is indicated by an end 
view of its spindle. Ample provision is shown 1^ four 
^ ^on OD, for getting at the superheater tubes. The headen 
rest upon wrought-iron beams upheld by supportias 
IjM^ts SB, fixed to the boiler shell i / PPw g 

/ .When ordinary steam is desired, the mahs stop valve S Yu is 
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rihf pipte^^\to eni^es. But, when supeirh^^at^d 
«t 9 w Is desired, SYi is closed end STj, is opened, ^Ueh 
permits boiler steam 'to How into header H^and the diM 
superheated steam is then taken from header by the steam 
pipe SP^, to the engines.^ 

Imaginary and Actual Steam Expansion CurveB.---HaTmg 
disoussed how ordinary wet, dry, and superheated steam arrives 
from boilers and superheaters at the engine stop valve^ and how 
lique^tion takes place in the cylinder of an ordinary simple 
condensing engine, it will now be advisable to distinguish 
between the ideal or imaginary curves of gas, steam, and air, and 
that of the actual expansion curves derived from ordinary and 
from superheated steam. We shall deal, later on in this and in 
future lectures, with the other devices which have been tried for 
preventing liquefaction in a cylinder, and show how indicator 
diagrams are taken and measured. 

Gurve^ and ^ are Isothermal Expam^sion or Hyperbolic Curves, 
where P v = Gon8tcmt,'\ — Referring to Fig. 4, imagine (as we did 
in the previous lectures), that a perfect gas is admitted at 
120 lbs. absolute per square inch to a non-conducting cylinder 
(having no clearance space between its piston and the cylinder 
cover), then this pressure may be depicted by the ordinate line, 
O A. Let the gas begin to press forward the piston slowly for 
^ of the full stroke, as represented by the line, A 0. If the 
gas be now cut off sharply from the cylinder whilst its tempera- 
ture is (somehow or other) maintained constant, it will expand 
and force the piston forward to the end of its stroke. If this 
expansipn be performed very slowly (so that the gas may still be 
kept at constant temperature), the pressure of the gas will so 
fall, that ordinates drawn up from the horizontal line of volumes, 
D B, at any number of points along the stroke, will represent (to 
the same scale as 0 A), the pressures which would exist in the 

* This superh^ter has been fitted not only to German Ocean steamers, but 
to Trans- Atlantic liners, and the results are being now watched and noted, 
not only by the professor, the maker, and the owners of these ships, but 
also by the large army of naval and mercantile marine engineers, unfor- 
tunately, as far as this edition is concerned, reliable, definite data re the 
resrits of these trials have not yet been obtained over a suff oiently long 
period to place them before my readers. But, in some experiments 
out by Prof. Watkinson with his ** shunt circuit” type connected to a 
l An cash ir e jailer of 8 feet diameter and 30 feet long, he says that he found 
a saving of 27*4 per cent, in coal over that with the same boiler without 
his jsuperheater. 

1*1110 student should here refer to The 
for Prof. Kobert H, 9mith4 article on 
Ounpression of Wat Steani.” Also, to 
tor Ifo. W. Oi Bovtli’s wtk 


Engineer, May 29th, 190A p. SBbf 
’The Expansion, Se{M»vatiotij^ik} 
!7%e EkeSrieetl BeiAew, Mby%th| 
le on ** SlWiq Ourvea'* 
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Coyliiid^y piston, at each point along ^he st^fc^,. 

■ jyke <n|rved line Ko. 2, drawn through the upper ends of th^e 
:, j^ressu^e ordinates will therefore depict j^raphically the e±pan« 

■ sion of the gas within the cylinder, and the equation to this 
curve is that for the hyperbola, viz. : — 

PV = constant. Or, Poc 

Where P = pressure per square foot, and V = volume in cubic feet. 

Because, the pressure of an enclosed perfect gas which is kept at 
constant temperature varies inversely as its volume. “ In the 
same way, if we abide by the foregoing conditions and let the 
cut-off be at D instead of at C, the curve No. 1, or DE, will 
then represent the isothermal expansion of the gas. 



Volumes in cubic feet. 

Fio. 4.-^Gas, Stbam, and Aib Expansion Gubvxs. 

It is evident, that the special restrictions and imaginary con? 
ditions here assumed, do not pertain to those of any real cylinder 
of metal or to any known means of keeping steani at 
iemperatv/re whilst expanding, and at 'the same time 
doing vbrk. Consequently, these two curves, Nos. i and 2; db 
^oi replresent the actual conditions under which ordinary steam 
l&^as in a cylinder. They are nev^ obtained in practice, 
ihey are , convenient for show&g the Umit to which'a 
may Attain whilst expanding iSothermally;^ 
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Kt4S0 lbs. per^uare: iic^: 
^l^to: %:w^P-^keiea for tV of ,ihe.:;Sfcr6ke S([a8l 

4ted by.th^ Ime, AO, in Fig, 4) and then allowed ta 
ekpandy it would fall in presaure'as represented by Curve No. 3, 
if, during the whole time of the said expansion, the steam just 
received sufficient heat from the jacket to keep it dry. Prof. W. 
J. H. BAnkine devised the following equation to represent this 
curve ' 

P'T*^ = P ' ! constant, 0 = 69,000 foot-lbs. 


r The student should here refer to the figure in Lecture XXVL' , 
on the De Laval turbine, which has been accurately drawn, re* 
presenting this curve when a volume of 1 cubic foot is plotted 
horizontally to the same scale as 1 lb. pressure vertically. In 
fact, it is only by so drawing these curves to a uniform scale that 
the eye ca^eadily detect their variations in form and slope. 

This curve of expansion may be closely followed by admitting 
superheated steam to a cylinder, so that the extra heat units of . 
superheat are just expended in doing work, and in heating the . 
cylinder up to the point of cut-off. Thereafter the steam must 
just get sufficient heat from a jacket to keep it dry to ihe end 
of the stroke. As will be seen from the practical examples 
given later on, engineers do frequently aim at producing this 
high-class condition of affairs, and they consequently compare 
the efficiency of their results by drawing this curve on their \ 
combined indicator diagrams. 

/ C^^fve 4 — Adiabatic Expansimt of Saturated Steam^ where \ 


pvy = Conetarvt , — If a gas neither receives nor rejects heat as 
it . expands or is compressed, then the curve which gives the : 
relation between its pressure and its volume at each instant, is. : 
termed an adiabatic curve. Hence the work done by a gas 
when expanding adiabatically is all performed by a proportional . 
loss of own internal initial heat energy. W^en a gas is being 
compressed adiabatically, then the whole of the work spent uj^qh 
opmpressing it goes to increase its internal energy. Conse^ 


' quehtly» adiabatic expansion of steam could only be perfectly - 
rceusbd^.if if' expanded or compressed without any chango - r. 
,:in, in a perfectly non-conductihg, non^radiatihg/^fy 

C^^der. . A^iS 'CO^ of affairs is never actually realised; 
’i^fh .s^TO, bqoat|,se, ,wh^ expands and does work, it lo$e|' ^v; 

in to conduction, 

tb^ fee greater 





opportunity for this latter effect to take place. Hence, ve gain 
so far in economy by high piston speed and an increase in the 
revolutions per minute. 

Although this curve is not strictly followed by the expansion 
of steam, yet (as will be seen later on) engineers do frequently 
compare their j)erformanceB by plotting it over their com- 
bined indicator diagrams. •In the case of the De Laval and some 
other steam turbines, this curve does actually express the rate by 
which the steam pressure diminishes as its volume increases. 
This is clearly shown by the curve which has been, carefully 
drawn to the same scale for 1 lb. pressure and 1 cubic foot 
volume, just referred to in Lecture XXVI. 

Here, PvV* = PV“ Or, Poo-^- 

» yll 

Referring again to Fig. 4. If dry saturated steam were 
admitted into a perfc^ctly non-conducting, heat-opaq^p cylinder 
at 120 lbs per square inch absolute for of the stroke, and 
allowed to expand therein without receiving or gaining heat 
from any source whatever, it would follow Curve No. 4, which 
falls below the previous curves. 

Curve 6 — Adiabatic Expansion of Superheated Steamy where 
PV^*= Constant — If superheated steam were admitted to a 
cylinder at 1 20 lbs. pressure per square inch absolute and cut off at 

stroke, as represented by A 0 in Fig. 4, then, if this steam 
remained in a superheated condition up to the end of the stroke, 
it would expand accoiding to the formula ; — 

P V’ ** = constant. Or, P oo * 

However, this would entail in an ordinary steam cylinder doing 
ordinary work a very high initial degree of superheat, which, as 
will be explained later on, is inadvisable unless certain pre- 
cautions are observed. 

- Curve 6 — Adiabatic Expansion of Dry Air, where 
PV’** - ComtantJ^ — Following the same reasoning in the case 
of dry air, we see, that the curve plotted to the equation, 

P V^** « constant. Or, P oo 

^ yields Curve 6 in Fig. 4. This is the lowest of all the curves, 

*• *Proi Kankine in his text-book on The Sieam Engine ^yee the j^wer 
for drv air as 1 ‘408 ; Perry, 1*414 ; and Ewing, 1 *404 as well as 1*408 ; but 
for, pur ptbr|K>8es here, 1 *4 will be suffoiently accurate. 



and hence the least amount of work will be done by air per 
cubic foot when expanded adiabaticaUy. 

The following table shows the mecm presatire as a percentage of 
the initial pressure or work obtainable by each of the foregoing 
expansion curves when cut o£P at ^ of the stroke in a cylinder 
without clearance : — 


Percentagb Ratio or Mean to Initial Pressure with 10 Expansions. 


Isothermal. 

PV = C 0118 t. 

Dry Saturated 
Steam. 

PV^^ = Const. 

Adiabatic 
Saturated Steam. 

PV*^ = Const. 

Adiabatic Super- 
heated Steam. 

PV^'* = Const. 

Adiabatic 

Dry Air. 

PV^*« Const. 

33*/. • 
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Curve 7 — From an Indicator Diagram , — If dry saturated 
steam oi the boiler pressure shown in Fig. 4 had arrived at 
the cylinder with a pressure of 120 lbs. per square inch absolute, 
and were cut off at stroke, its pressure would, under ordinary 
circumstances, follow the chain dotted line, A G H F. Here, we 
see, that the pressure has dropped about 10 per cent, between 
the boiler and the cylinder, and that the initial pressure falls 
during the time of admission, due to wire- drawing and initial 
condensation. 

When cut-off takes place, the pressure drops quickly, due to 
further cylinder condensation, for about another of the 
stroke; whereas, thereafter, re-evaporation of the previously 
condensed steam takes place and the pressure keeps up higher 
than it would have done had there been no initial condensation. 
Here, the points G, H, and F, represent the beginning, inter- 
mediate, and final pressures due this re-evaporation. In reality, 
if we assumed that there was 30 per cent, of initial condensation 
at the point of cut-off 0, then the weight of steam admitted to 
the cylinder would have occupied a volunJe represented by the 
distance A D, before expansion began. We thus see, that there 
is a considerable area of lost work from the boiler pressure line 
down to about the point G, and that we never realise anything 
like the thediretical full area which the steam could give out, as 
represented by the figure, OADEB, if it were supplied as a 
perfect^ gas at the given pressure and expanded according to the 
imaginary isothermal curve, D £. ^ 

The Beal Bdn^fits o$ Suporheated Steajn.-— From an examina* 
tion of these seven curves and the percentage table of mean 
pressures obtained with ten expansions, it. is evident that super- 










dom not giro such a good retam in work dono W 
unU ^Iwm as dry saturated steam. Under the conditions noW 
ixl that table, we observe that the mean pressure is only 26*6 
per cent, for superheated steam, as against 31*4 per cent, for dry 
saturated steam, thus showing that the latter, if kept dry to the 
end of the stroke, yields fully 15 per cent, more work for the 

i ame volume and cut-oif. Consequently, we conclude, that from 
k mere thermodynamic point of view, superheated steam does not 
rield such a good return as dry saturated steam. This arises 
irom its low specific heat. Of course, per unit weighty super- 
aeated steam would contain more heat units than dry saturated 
steam and give out more work. The real benefits of superheated 
isteam, as we have just seen, come into play in its prevention of 
linitial condensation in the cylinder and in the paradoxical 
difficulty which it experiences in leaking past movihg valves 
find pistons. We shall frequently refer to the applications of 
superheated steam later on in these lectures, and shall then take 
^ the opportunity of stating how it is generated, used, ahd com- 
pared with ordinary steam under different circumstances. 

Steam Separators. — In order to prevent, as far as possible, the 
introduction of wet or priming ” steam from a boiler entering 
the valve casing of an engine, a simple device, termed a steam 
separator, is often interposed between the steam pipe and the 
engine. As will be seen by referring to the compound Beilis- 
Morcom engine, this separator consists of a cast-iron chamber 
into which the wet steam flows and impinges upon a diaphragm 
plate, thus causing the heavier condensed particles to fall to the 
bottom of this chamber, where they may be drawn off to the 
condenser, whilst the separated steam flows upwards to the 
engine stop valve and valve casing. Of course, all the suspended 
moisture cannot be trapped in this way, but, nevertheless, the 
steam is considerably dried and the working of the engine 
improved. 

Effects of Clearance. — In actual practice, the piston does not 
come close up to the end of the cylinder at the end of its stroke, 
a small space being of necessity left between the piston and the 
QOver to allow for the wear of the journals and other capses. 
Sesides this, there is the volume of the steam ports between the 
valve face and the cylinder. This combined spacePbetween the 
piston and the cylinder cover, plus the steam ports, is termed ^ 
cleasrmce of the cylinder, and exercises an important in^uence 
upon tfaO expansion of the steam ; for it must be filled with steam 
" at^tbO moment of cut-off, and the volum^of steam expanding is 
; ^ Oqual to the'volume of the cylinder to the point of cut-off 4 the 
V 2pi$me M the end of the e^jrlinder 4* the volume of the steam ports. 



. \ otwmW ^ Sit 

' mtiQ ^ ^Xfiaatbn of steam in a «)|^lin4er, aa nsnally ini4ti^ 
•tood, is ' 

the vol of cylinder aree x length of stroke 

^ vol. to point of cut-off’ area x distance to pt, of ciit*-off ^ 
but^ if clearance be taken into account, the true ratio of e^cpan* 
sion is much less than the ratio giveji above. 

Let c » fraction of cylinder’s capacity representing clearance* 
„ \ r* » ratio of expansion as above. 

„ true ratio of expansion. 

• vol, of cylinder + clearance _ 1 ^ (1 + c) 

** ^ cut-off 4 clearance 1 1 H c r * 

* — -f- c 



Fio. 5.— Effect of Clbabakoe on Expansion Curves. 

The difference between r and is obviously greatest with 

high ratios oi expansion, or early cut-off, when may often be 

equal to o ; hence, with high ratios of expansion the clearance, 
space should be reduced to a minimum. An example may make^ 
this clearer. Let steam be cut off at | of the stroke, then r » 8. 
Also, let the clearance capacity = of the capacity of the 
cylinder. 

Then, ri * tilH) » i iA+D = J = a. 

^ 1 + cr 1 + 1 2 ^ 

Therefore, the volume of steam admitted to the cylinder is realty 
only expanded times instead of 8 times ; and it is easy to se^. 
wt the oarva oi expansion wiU be materially affected thereby* 
Kg, Q shows curyes of expansion from P V « constant. 
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AB is tlie curve which would be followed by tbe steatu ex- 
panding 8 times with a volume, 0 V (J 0 D), and pressure, 0 P. 
A 0 is the curve of expansion, which is really followed by the 
steam when the clearance space is taken into account, the volume 
being O^Y, the pressure the same as before, and the expansion 
then being only times. This shows the importance of taking 
the clearance into account ip considering indicator diagrams. 

In practice it is impossible to avoid clearance altogether, but 
the losses arising from it may be considerably reduced by closing 
the exhaust before the end of the return stroke. 

Compression or Cushioning. — This is effected, as we pointed 
out in Lecture XIV., by closing the exhaust port before the 
piston has completed its return stroke. Then, any steam still 
remaining in the cylinder is compressed into the clearance 
spaces. If the compression were so great as to raise the pressure 
of the steam in the clearance spaces up to the initial pressure of 
the steam, loss from the clearance spaces would be largely avoided, 
since these spaces would already be full of steam at the initial 
pressure, when the piston began its next steam or forward 
stroke. 

Causes why Compression does not Return the Whole of the 
Work Spent on it. — The total return for work spent on compres- 
sion could only be strictly true of an engine which expanded 
right down to the back pressure line before commencing to 
exhaust. Or, in the case of an engine whose indicator card had 
only /our sides; in fact, a Carnot's reversible engine^ where the cool- 
ing takes place entirely by expansion and the heating entirely by 
compression. The indicator card of an ordinary steam engine 
has five sides, and, as there is a sudden drop of temperature 
from the point of release to that of the exhaust back pressure, 
we actually expend more work upon compressing the clearance 
steam duiing a return stroke than it usefully exerts on the next 
steam or forward power stroke. 

In addition to this, we know, that the exhaust steam at the 
point where compression commences is, as a rule, dry steam. If 
so, the compression will take place adiabatically. But, during 
the forward stroke, this compressed steam mixes with fresh 
ttteam from the boiler, and, as a rule, initial condensation has 
then taken place. iVoto, when steam enopands in presenGo of 
waiter it does not and cannot expand adiabatieallg. Hence, 
from this cause also, we see, that the previously adiabatically 
cushioned steam does not exert during expansion the same 
energjr as was put into it during compression. Add to these 
two circumstances the fact, that heat is ^ways radiating from a* 
cylinder and we see, that compression during exhaust can never 



^ irdll' work doia kj^oh it^ Hekoe^ tha lesk itka^ 

vd^iima spaces the better, ,as in the mbsi: 

efficient Oorliss engines. 

The mean pressure of steam would^ however, be greatly 
jj^educed by such excessive cushioning. The useful extent of 
cushioning, considered with reference to the motion of the 
engine alone, depends chiefly on the speed of the engine. In 
very fast-running engines a large amount of cushioning is neces- 
sa^, in order to check the momentum of the moving parts 
gradually, and reverse the direction of motion without shocks 5 
but, if the piston speed be slow, a less compression will suflice to 
keep the motion smooth and free from jerks (see Lecture 
XVIII.). These considerations limit the amount of compression 
to be used for any particular case. In engines having a high 
ratio of expansion and great piston velocity, the exhaust steam 
might with advantage be compressed up to the initial pressure, 
but, in ojjjier cases, a moderate compression is all that can be 
recommended. The effect of compression on the indicator 
diagram is a sudden rise in the exhaust or back pressure line 
just before steam enters, and is shown on the following diagram 
by the line, mn, 

Oompression up to the initial pressure of the steam has a 
further advantage in unjacketed cylinders, viz., that the cylinder 
becomes heated up to the initial temperature of the steam by 
the work done upon it, and condensation of the entering steam 
may, therefore, be greatly reduced. 

Lead. — It is necessary in practice, especially with high-piston 
speeds and low-pressure steam, to open the slide valve before 
the piston has reached the end of its stroke, in order to assist 
the compression and maintain the full initial pressure as the 
piston moves forward. This is shown by the black heavy line, a 
to cut‘Off. This amount of opening is termed the lead ” of the 
valve. If no lead be allowed, the valve is not sufficiently open 
when the piston begins to move forward, and the full pressure 
of steam does not come upon the piston jintil it has travelled 
over a part of the stroke. The loss is shown by the sloping- 
down comer, ab, in Fig. 6. 

Wire - Drawing. — When the steam comes from the boiler 
through too small steam pipes, or through small superheater 
pipes, or when it enters the cylinder through contracted ports, 
or is preventcid from following up the piston at full pressure, it 
is said to be wire-dratm. The effect upon the indicator diagram 
is a fall of^ pressure ^hown by, the dotted line, abd. With a< 
^mmop, slight valve, a certain amount of wire-drawing yfi(i 
always toko pbme cut-off, due to the slowness 




^ tics port. ' This 
.^ms^bf'^U' engines fitted with* 

'l^o^niM ai} the point of ‘*out-ofl^*' A perfedi * 

r^^Wa^bpen quickly and remain open until the point of 
'lthex^':,0lo8e quickly. These conditions are not fulfilled by^any 'of ^ 
JvthO. valves in ordinary use, unless, perhaps, the Oorliss and the/ 
j^ Proel valve gears. The ophning to steam should be suificiehtly. 
large to allow the steam to pass into the cylinder with a velocity' 
and volume, greater than the displacement of the piston, if this 
/drop in pressure is to be avoided. 

Bel6ase.~*ln order to prevent excessive back pressure during 
exhaust, it is necessary to release the steam pressure on the piston 
before the end of the stroke. This has the effect of rounding the 
right-hand corner of the diagram, as shown by the line, e/^; . 



Fig. 6.— Effects of Compression, Want of Lead, Wibb-Drawxng, 
AND Release. 


whereas, if steam be carried to the end of the stroke before ex<^ 
^hausting, the diagram* will take the form shown by the line, 
Whereby excessive and wasteful back pressure will* be the result. 

Compounding. — Having now studied the principal points in 
connection with the actual expansion of steam in a single cylin- 
der, we are in a position to explain the several advantages of 
the oqj^pound engine over the simple expansive engine. 

. j^fvontoffes. — (1) Prom what has been already stated, the 
stu^nt will see, that *^the amount of liquefaction which takes 

^ in a single cylinder engine varies with the difference 
m the initial and final temperatures. Therefore> the loss 
from li<|uefiiction in any cylinder increases as wq i^fCineaBe the 
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Sta^Q ^ esqp^ipiL ^ejarinqipl© of the compouwiji engine, ttien, 
Tconeiete in dividing the eitpaneioti into two or more stages, and 
, oariq^ing out each stage of expansion in a separate cylinder, so 
as to reduce the variation of pressure and temperature in each 
Ojlinder. For some time there was great diversity of* opinion 
as to the advantages of the compound system, but actual practice 
has now proved beyond doubt that,4f properly proportioned, the 
compound engine is much more economical in consumption of 
fubl for a given power than the simple expansive engine. Not 
only i» the amount of liquefaction reduced in the compound 
system, but any re-evaporation of condensed steam which may 
take place in the high-pressure or intermediate cylinders during 
exhaust is not a direct source of loss, for, although increasing 
the back pressure in these cylinders, it is not at once discharged 
into the condenser, but passes on to the next cylinder and does 
useful work there. 


(2) Tlje loss from clearance is also less in compound engines, 
for, as we have shown, the loss from this cause increases with 
the ratio of expansion in each cylinder. 

(3) In the simple engine, with a high ratio of expansion, there 
is of necessity a wide variation of pressure on the piston. This 
causes an irregularity of rotational effort on the crank-pin, 
which is objectionable, and the initial stress (which all the 
working parts must be strong enough to withstand) is far in 
excess of the mean stress by the compound arrangement. 

(4) With compounding, we may use very high initial boiler 
pressures and permit the steam to do work successively in two, 
three, or more cylinders placed in series. As previously ex^ 
plained, we obtain high-pressure steam at a comparatively small 
extra cost. For, as clearly shown by Table II., Lecture VII., 
the total heat units in 1 lb. of steam at 20 lbs. pressure is nearly 
-1,152 B.T.XJ.; at 100 lbs. it is 1,182 or only 32 more, and at 200 
lbs. it is 1,198 or only 16 B.T.U. more than at 100 lbs. Now, 
by using steam of 200 lbs. initial pressure and letting it expand 
and do work in, say, three successive cylinders, we get far more 
out of each lb. of steam than we could, by using one big single 
cylinder with 20 lbs. initial pressure, and more proportionately 
than it costs to raise the steam from 20 to 200 lbs. pressure* 





- ' ' ' LbOTOM XV.— rQuHSTIONB. ' " . • / „ • 

J^,B.'^The gutsticm from 1 to 19 are directly upon the text qf thU lecture 
' and roughly in the order thereof. The following questions are in order 
ofifhe dales when they were sett and the large number^ of A.M,I,Q,E. 
questions, dsc,, hearing upon this lecture will he found in the Appendix^ 

1. Accoutit for the usual los^s of pressure and temperature in steam 
between a boiler and its enuine. 

2. Why does initial oondonsation of steam take place in the cylinder of 

a steam engine ? . • . x 

3. Enumerate the most successful devices for preventing or reducing 
initial condensation of steam in an engine cylinder. 

4. Trace what happens in the working of a steam engine when the 
cylinder is not provided with a steam jacket. 

5. What is the object of a steam jacket? In what way does the absence 
of the jacket affect the indicator diagram ? State how the economy of the 
steam jacket is affected by (1) cut-ofif, (2) size of cylinder, (3) revolutions 
per minute, and (4) superheat. 

6. Give a concise historical statement of the introduction an^ apprecia- 
tion of superheated steam. * 

7. Describe, by sketches and index to parts, a superheater for a land and 
for a marine boiler. 

8. Draw and explain the seven different expansion curves described in 
this lecture. 

9. State the law according to which superheated steam expands in 
volume when its temperature is raised under a constant pressure. When 
steam is superheated for the supply of an engine in the usual manner, does 
its pressure rise above that in the boiler ? Explain fully. 

10. Distinguish between superheated steam and saturated ste4m. Accord- 
ing to what Taw is the pressure of s^orheated steam affected when it is 
compressed into a smaller space ? "What happens in the case of saturated 
steam ? 

11. Explain the difference between isothermal, saturation, and adiabatic 
expansion of steam, and draw carefully the curves for each in one diagram. 

12. State clearly the real benefits derived from the use of superheated 
steam. 

13. What is a separator and how does it act ? 

14. What is meant by the term “clearance?” Assuming that the 
clearance has been reduced to an equivalent length of the stroke of piston, 
which is 4 feet, and taking the case where steam is cut off at half -stroke, 

' the clearance being 3 inches, you are required to compare the pressure of 
the steam, when 3 feet of the stroke are made, with the pressure under the 
n same circumstances if there were no clearance. Ans. 27 : 26. 

16. Define the terms “clearance” and “ratio of expansion” as appli^ 

' to a steam engine. Draw a theoretical indicator diagram for a condensihg^ 
en^C, where the steam is cut off at \ stroke. Mark, on this diagram,, 
in dotted lines and writing, the effects of (a) clearance, (6) late admission^ 
i (c) wire-drawitig, (d) late release, and (e) too early compression. St^m at 
SOfVihs. initial pressure by gauge expands to 12 lbs. absolute at point of 
% release, . l^nd ratio of expansion, given clearance = 5 per cent, of stroke, 

' ^nd rele^ taking place at 7 per cent, of stroke before tpe end. Ans, ^ 4, . 

, Explain by an indioator diagraqi the meaning ,of^ the terins '^^ obm- 
' pt^iqj^' o^? cushioning,” “lead*** ‘^wire-drawing,” andIf?r4wo^” Show 



iiWand why th 0 whrk spejit.ttpon i^mpreB8mg.the^W^ end of the i^xhaiust , 
nteam up to the admission pressure is not given out oompletdy as 
work done during expansion. . . 

174 What are the principal causes for the presence of water in the 
cylinders of steam engines? What methods have been employed to 
diminish the loss due to initial condensation and subsequent re-evaporation 
in the cylinders ? Hence state the advantages which result from the use 
of compound cylinder engines. 

18. State and explain the several advantages due to compounding. 

19. Plot neatly and accurately, in different colours and on squared paper, 
to gi vertical scale of ^ inch = 1 lb. pressure, and to a horizontal scale of 
^ inch =1 cubic foot of volume, the isothermal, dry saturated, adiabatic, 
and superheated steam curves direct from their respective equations, with 
an expansion of ten times from the point of cut-off and with the initial 
pressure of 100 lbs. absolute per square inch. Also, plot down what you 
consider to be the probable curve for steam of 100 lbs. initial pressure with 
20 per cent, initial condensation. Then find by measurement, and, by the 
rules adopted in Lecture Xll., the mean pressures obtained from each, of 
these curves, and thus check the table of percentages which these mean 
pressures are of the initial pressure. 

20. Explgln why condensation takes place in a steam engine cylinder. 
Explain Sirefully, giving figures if possible, the usefulness (and the limit 
to m) of expansion in one cylinder. Why and under what conditions is it 
advantageous to expand in two or more cylinders instead of in a single 
cylinder? (8. & A., 1897, Adv.) 

21. Fluid expands from a point on tho diagram where p is represented 

by 1 ‘6 inches, and t; by 1 inch, to a place where v is 3 *5 inches. According 
to each of the laws of expansion, p v constant, constant, and p 

constant, find the value of p at the end of the expansion in each case. 
(B. of E., 1900, Adv.) 

22. Assuming no clearance; cut-off at one-third of the stroke; expansion 
according to the law, **pv constant;” what is the mean forward pressure 
as a fraction of the initial pressure ? If the cross-section of the cylinder. is 
144 square inches, length of stroke 2 feet, what volume of steam is used 
per stroke ? If the back pressure is 17 lbs. per square inch and there are 
200 strokes per minute, find in the following two cases the indicated horse- 
power and the weight of steam used per hour. Neglect clearance, conden- 
sation, and leakage. 


Initial pressure in lbs. per square inch, 

180 

100 

Volume in cubic feet of initial pressure steam per lb., 

2-61 

4*356 


Use squared paper to show the weight of steam per hour used by the 
engine at any power. (B. of B., 1900, H., Part i.) 

' In the previous question, with initial pressure 180, find the mean 
fbrward pressure daring a stroke. Neglecting the shortness of the 
connecting-rod, .find the pressure when the crank makes angles of ^ 
(T, 15^ 30*1 ^c., with Its dead point, and find the average of these. 
(BiO^SS., 190d,a,Part^) . 

, 2^ Withpu^^^ investigation, state what is jbha*. 

V Oause the initia^ 
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hi^ itf b9&n Qon&med by experiment? What is known about steam missing 
tbrougb leakage past valves ? (B. of E., 1900, H., Part i.)^ 

85. We eno^vour to prevent condensation in the oylinder of a steatn 
ex^e (a) by a separator, (b) by su^rheating, (c) by drainage from the 
cvlmdtr, (d) by steam jacketing, (e) by high speed. Explain now each of 

[ these methods tends to affect our object. (B. of E., 1901, Adv. and H.. 
Parti.) 

86. In an air compressor the^air is drawn in at a pressure of 14*7 lbs. per 
' square inch absolute, and compressed to 77*0 lbs. per square inch absolute* 

, 7he volume drawn in per stroke is 1*52 cubic feet, and when 133 strokes 

are made per minute the compressor requires 24*16 H.P. to work it. 
What H.P. would be needed if the air were compressed isothermally ? 
Hence find the efficiency of the compressor (log^ 5*24 s 1*656). 
(0. & G., 1901, H., Sect. B.) 

27. What do you understand by cylinder condensation in a steam-engine 
oylinder? Explain the various devices adopted to reduce it. (G* &G., 
1902, 0., Sec. C.) 

28. Explain, as fully as you are able, what is meant by cylinder conden- 
sation, and why it causes a loss of efficiency. Describe three ways by 
which it may be reduced, and discuss the advantages and disadvantages of 
each method (1) from a theoretical and (2) from a practical pupt of view. 
(0. & G., 1902, H., Sec. B.) 

29. Show that no more work is obtained from a given quantity of dry 
steam by passing it dry through two cylinders, as in a compound engine, 
than by admitting it into a low-pressure cylinder only with the same 
degree of expansion, on the supposition that no heat is conducted away 
and radiatedby the sides of the cylinders* 
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OoNTBNTS.^Wait’e Indioator'— Speoial Features of the N^w Crosby ludi* 
oator-^D&soriptiou of the Crosby [bidicator^Brrors in Indioe.torS'-* 
Eeootding Mechanism— Taking ii Indicator Diagrams— Examnjles ‘of 
Defective Diagrams and the Causes of their Defects — Combined Com* 
pound Diagrams— Fairbaim’s Saturation Curve— Graphic R^reaenta* 
tion on the Indicator Diagram of the Water present (Turing Expansion 
—Gain in Pounds of Steam per LH.P.^ue to Superheating— Gain in 
B.T.U. per I.H.P, duo to Superheating, with Formula— The Effects of 
Raising the Superheat on tho Indicator Card and on the Economy of 
Steam— Appendix to Lecture XVL on Amsler’s Planimeter — Questions. 

WaWs Indicator. — Watt was the first who recognised fully 
the importance of gaining some knowledge of the action^’of steam 
in the steam cylinder of an engine, and the first form of indicator 
was the result of his efforts in that direction. The figure shows 
an improved form of Watt’s indicator, by which a complete 
diagram could be traced out. 

It consists essentially of a steam 
cylinder, 0, about V diameter and 
6" long, having a solid piston, P, 
accurately fitted into it. The cylin- 
der is open at the top, and is fitted 
with a steam cock, S 0, at the 
bottom, which is screwed into the 


Index. 

S C for Steam cock. 

0 „ Cyhnder, 

P „ Piston. 

S S ,, Spiral spring. 
p „ PenciL 
F „ Frame (wood). 

SB „ Shding boara (covered with 

1C „ Indicator card. 

W „ Weight attached to cord for re- 
turn motion of S B. 


cylinder cover of the engine, or 
into the engine cylinder itself close 
to the end. A small rod is fitted 
into the piston at, one end, and 
carries a pencil, p, at the other, 
which can operate on a sheet of 
paper fixed on the sliding board, B B, in front of it. The sliding , 
board can move horison^ly in the frame, and receives its motion " 
by mefths of e cord is finned to some reciprocating par£* 
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of the engine, the petiod of whose motion is identical with thf(t 
of the piston of the engine. The return of the board is effected 
means of the weight, W, and the cord, while the vertical 
motion of the piston is controlled by a spiral spring, SS. 

When the instrument was first brought into use by Watt, the^ ^ 
pencil moved in front of a graduated scale, but no laterah motion 
was given to the paper, l^nce, all the information obtainable 
was the pressure of the steam in the cylinder, or the perfection 
of the vacuum. The addition of the sliding board, however, 
enables a complete diagram to be set out, and the steam pressure 
and vacuum ascertained at any point of the stroke. The im« 
portance of this improvement will be at once apparent. 

Different Kinds of Indicators. — There are a great number and 
variety of these useful instruments, but hitherto we have 
selected those which were generally recognised as being the 
most approved of their kind for special speeds and pressures. 
In previous editions of this book we have dealt with Richard’s, 
Thompson s, and Wayne indicators. In present editions of the 
author’s Elementci/ry Manual on Steam and the Steam Engine^ the 
Bichard’s and the M‘Innes-Dobbie indicators are fully illustrated 
and described ; consequently, we have now selected for explana- 
tion the latest American pattern of the high-speed Crosby 
instrument. (See Appendix E for the Gvpollvm Iridicator,) 

Special Features of the New Crosby Indicator.— -1st. The spiral 
spring, S S^, has been removed from the inside of the cylindrical 
case (near the piston, P) to the outside, and fixed above^ the 
moving parts, where it will remain cool under all conditions. 
Whatever error there was from the spring becoming heated in 
the ordinary indicator is not present in this instrument. The 
indicator is therefore suitable for taking indicator diagrams from 
an engine which may be supplied with superheated steam. 

2nd. Another and more important difference lies in the size 
and shape of the piston. This piston is mad^ 1 square inch in 
area, and is turned at its rubbing surface in the form of the 
central zone of a sphere. This greatly reduces the depth of the 
pijston, which is still kept steam-tight by the thin film of 
moisture which collects around its lip. As the contact of the 
piston with the interior of the cylinder is a mere line, and the 
piston is attached directly by a rod to the upper part of the 
spiral spring, S S^, it moves freely and without restraint inside 
the cylinder, notwithstanding the probability of some eccen- 
tricity in tiie action of the spiral spring. 

8vd. The pencil mechanism is connected by^ a rod to and 
* ^irectly over the piston, by a ball and tocket joint, B J , Con- 
j^quently, as the piston takes up the torsional str^ses of the 



S it upon the pencil mechanism of tW 

Ijndmator^ aha its rod, P R, moves in a vertical line through a 
;sleeve attached to the base of the pencil mechanism, the pencil 
-.point, P P, is compelled to move in a vertical line. 



Fia. 2 . — The New Small Crosby Iedioator. 
Index to Parts. 


8 0 for Steam cook connection. 
00 „ Outer cylinder case. 

10 „ Inner cylinder. 

P „ Piston. 

PR „ Piston-rod, 

AI „ Air inlet. 

SH n Swivel head, 
aoi Joint. - 


B N for Binding nut. 

SSi, 2 „ Spiral springs. 

PM „ Parallel motion, 
PP „ Pencil point. 

PC „ Paperclips. 

D „ Drum. 

CP „ Cord pulley, 
op Cord guide puUej^ 
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4l}h. Anotiier fepituro is the adjustment of ihe 
!PP. to any desired position on the drum, D, byloosenmg^tjie 
binding nut, B N, and screwing the spiral spring, S S^, ujp'whrda 
or downwards. The spiral spring, SS^, Carries with it the 
whole pencil mechanism, PM. Having adjusted thf pencil 
point, P P, to the desired position on the paper by means of 
the spiral spring, you again fix it by tightening firmly the 
binding nut, BN. ^ 

Description of the Crosby Indicator.— This indicator has a little 
barrel or outside cylinder, O 0, which communicates with the 
engine cylinder and stop-cock through the steam-cock conheotion, 
S U. It also has an inner cylinder, I C, in which the piston, P, 
moves steam-tight, due to the condensed steam collecting around 
the lip of the piston and cylinder rubbing surface. Between the 
outside and the inside cylinders is an annular space, which acts 
as a steam jacket to the inner cylinder. It will also be noticed, 
that 1 0 is perfectly free at its lower end, thus allowing it to 
expand and contract. The hollow steel piston-rod, , PR, is 
screwed into the piston, P. The pressure of the steam in the 
engine cylinder raises the piston, P, extends the spiral spring, 
S Sj, and causes the pencil point, P P, to rise in a straight line 
through a distance on a magnified scale, proportional to the 
extension of the spring, and therefore to the pressure of the 
steam. During this upward movement of the piston, the swivel 
head, SH, and parallel motion levers, PM, are also raised. 
Hence, a line is thus traced by P P upon the paper or card, 
which is wound round the drum, D, and fixed by the paper clipsi', " 
P 0. This drum, D, rotates for about three fourths of a revolu- 
tion and back again to its original position as the cord, cat gut, 
steel wire, or steel-wire strip (which is wound round the cord 
pulley, 0 P, near the bottom) is pulled and let go. The cord or 
wire from OP passes over the guide pulleys, GP, to any 
convenient form of reducing arrangement attached to the cross- 
head of the engine. Inside the drum, D, there is a spiral spring, 
SS 2 , fixed at its lower end, and which becomes wound up when 
the cord on 0 P is pulled This spring, S Sg, serves to turn the 
dre^m in the reverse direction during its back or return stroke* 
AniWr inlet, A I, is provided in the cap of the indicator cylinder 
to admit air freely to the top of the piston. When the pressure 
of the steam in the engine cylinder is less than that of the 
atmosphere, the difference between these pressures acts on the 
ton 0 $ the piston, P, causing it to descend and compress the 
sp^al 6pvingf S 8y The tap placed just below the indicator at 
allows si^am communioation with tbo engine cylinder to be 
out pff at pleasure^ It also permits the indicator cylinder td 



^ |>1«ce^ i)) di!^*cOiAin|tV:^oatioji with tlie atmo^ere, thereby 
itilowiiig tbe attoospberio lice to be drawn on tbe diagram. 

jSjdral The indicator springs are each made of one 

piece of steel wire, as shown by the separate view. They are 
right- and left-handed, and therefore have no tendency to press 
the piston laterally against the cylinder when either extended 
or compressed. Springs adapted tn various ranges of steam 
pressure are supplied with each indicator, and are marked with 
a number which states the pressure in lbs. per squaie inch, 



• ^’lo.* 3 .— Spiral Spring itor Crosby Indicator. 

that will raise the pencil point, P F, through a distance of om 
inch on the paper attached to drum, D. In this form of indi- 
cator the spiral spring, S is kept away from the indicator 
piston and cylinder, and is weU exposed to the atmosphere. 
Consequently, the spring will generally be about the same 
temperature as the atmosphere. At the same ti/ne it is easily 
accessible for changing the spring at any time. 

Testing the Spiral Springs , — The accuiacy of the number 
marked u])on each spring, should be carefully verified by testing 
the indicator under steam, against a standard pressure gauge or 
by a mercury column. The spiral spring is found by experiment 
to be much stififer when cold than at the higher temperature 
when in use. Therefore, water-pressure tests are not suitable, 
unless a proper allowance be made for the change of elasticity 
of the spring, through its change of temperature. 

Etrors in Indicators * — These errors may be due to one or 
more of the following defects; — 

(1) In indicators where the spring is placed inside the cylin- 
der, the stifiTness of the spring alters with the temperature of the 
8team» Also, the average temperature of the spring is not 
known, and is different in every instance. 

* The student who is desirous of mvestigatina the diferent errors to 
which some indioators are liable, should study Frol. Osborne BeynoW 
paper on ^*The Theory o| the Indicator and the Errors in Indieaipft, 
lhamms;*’ also^J^Esmeritnents on ihe Steam Engine Indictktor,’^ hy % 
W. mghtDnore, Inst. <X^., vol taxiii., Fart i. 
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(2) Through defeOts in the parallel motion arrangement^ PM, 
or in the spiral spring, SS^, itself) the vertioal motion of the 
pencil is not exactly proportional to the pressure in all positions. 

(8) Bad mechanical fitting of the parts, either through bad 
workmanship or wear and tear of the instrument. 

(4r) The inertia of the drum or barrel, D, combined with 
weakness of spring, S S 2 ; or,*the strength of spring, S S 2 , com- 
bined with the yielding of the cord attached to the cord pulley 
and reducing arrangement on engine crosshead, sometimes cause 
too great or too little travel of the drum. In both cases, the 
motion of the paper on the drum, D, is not an exact reduction 
of the movement of the engine crosshead. 

(5) Friction, whether at the several joints of the parts moved 
by the piston or between the pencil point, P P, and the paper. 

(6) Even, when the cord which is to move the indicator drum, 
D, is connected to the engine crosshead or piston-rod in such 
a way, as to copy its motion correctly, the motion of tl^ drum 
itself may become incorrect, because the length of the cordis not 
strictly constant. 

( 7 ) The inertia of the reciprocating parts should be a 
minimum. 

Reducing Mechanism. — In the first place, it is necessary to 
have a reducing mechanism, which will give a sufficiently reduced 
and accurate copy of the engine piston^ stroke to the motion of 
the drum, D. Many arrangements are used for this purpose, such 
as in some forms of pantograph, whereby a geometrical solution 
of the problem has been aimed at. It is, however, not unusual to 
find in actual trials, greater errors than would occur with simpler 
forms of gear, due to the multiplicity of joints in the mechanism. 
All reducing gears should be simple in construction, not liable 
to get out of order or deranged in any way, and should be so 
arranged, that the string may be led as directly as possible from 
the crosshead to the indicator. 

Mr. Frederick Sargant has invented and patented an elec- 
trical device applicable to an indicator, whereby any number 
of indicators can be operated, and diagrams taken at the same 
instant of time by closing an electric circuit. 

The following figures show several different forms of reducing 
mechanism, of which Nos. 1, 3, 5, and 9 are simple and good ; 
but the student should note and compare them all, by actual 
^ial:~ 



S^fji^/Uia ^team Engles ^ of this desoriptiio:^^ to eiite^V«ra 

into thA'DlAnv rlAtriniOa «r{4<l* ** ' 
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naany devices, with their respective. errors; for 
reproducing to a convenient scale the movement of the pistons 



Fici. 4 .— Dipfbrent Forms op Reducing Mechanism for Steam 
, Engine Indicators. 


of steam en^n^ Those who desire to study this subject 
uo^u^ly, shcmid refer to Indicator Diagrams with Mngini amid' 
Bader TeH'm, by Chyles Day, Wh.So., of the National BoUer 
wsoranre Oompahy, Mmchester, i ' . . * • 
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hi ncLOttt a small pipe is fixed outside the eylindlers fuad 

oommiudc&tix)g with both ends.^ The indicator is attached to 
this J^ipe. The- pipe is fitted with a two-way cock^ so that a 
diagram may be taken from either end of the cylinder at 

pleasure. This Fig. 

5 shows the method 
of attaching the indi^ 
cator to an inverted 
cylinder marine engine. 

The string or steel 
wire, S, is attached to 
the air-pump lever, and 
its travel must be 
rather less than the 
circumference of the 
drum, D. Before ad- 
mitting steam into the 
indicator the ^atmo- 
spheric line ” should 
be drawn. This is ~ 
done by turning the 
steam cook, S 0, so 
that the indicator 
piston is put into 
direct communication 
with the atmosphere 
through a small hole, and then bringing the arm which carries 
the pencil up to the rotating when a horizontal line is 

drawn. This line is marked A L, for Atmospheric line," on 
the diagrams throughout this book. 

Indicator Diagrams. — Having studied in the previous lecture 
various effects produced on the theoretical indicator diagram 
by clearance, lead, compression, release, and such other arrange- 
ments as are required in practice for the proper expansion of 
steam in the cylinder of an engine, we are in a position to 
examiaa and comment upon a few indicator diagrams taken 
from wtual practice. 

The annexed diagram is taken from a horizontal non-condensing 
engine (aomethnes wrongly termed a high-pressure engine), an<j^ 
as will be seen, the diagram is exceptiontdly good. The st^un 
.|)a*easure rises almost instantaneously, as shown by the vertical 
admissioiii line) and is well sustained up to the point of cut* 
< 1 % Ike line P 0 O being perfectly horizontal. At the point of 
outW) 00, a very slight wire-drawing mSay be seen Tby the 
eofner, But it is very inappreciable and testifies to the 
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the atmospheric line, A L. The amount of compression shoW 
is too little, and a larger compression would no doubt make 
the engine work more smoothly at the dead points, for a slight 
knocking was observable. In this engine, however, the piston 
speed is very slow, viz., 160 feet per minute, so that a large 
amount of compression is not necessary. 



I'lQ. 7.— DEViccTivifi Diagram from a Simple Condenbikg Engine. 


Defective Indicator Diagrams.*— Eig. 7 is a reduced copy of an 
, actual diagram from a condenmng engine. It presents one or two defects 
which We shall notice briefly. First, the amount of compression is too 
small and the valve has not had suflicient, if any, lead. Ihe absence of 
proper cushioning is shown by the very small rounded corner at the' 
point 0, and the sloping away of the admission line from the vertical 
shows that the valve has not been suflioiently open when the piston 
reached the end of its stroke. Had the valve been set to give more lead, 
the admission line would have coincided with the vertical dotted line, and 
it is evident that the non-coincidence of these lines cannot be due‘4o wire- 
drawing in the steam passages. For, when once the full pressure comes 
on the piston, it is fully sustained (as shown by the horizontal steam line) 
until the valve approaches the point of cut-off, when the usual wire-drawing 
takes place, due to the slow motion of the slide valve, and is clearly shown 
^ ^by the rounded corner on the diagram. Since this diagram is taken from 
via condensing engine the steam exhausts into a condenser, and the back 
pressure or vacuum line falls far below the atmospheric line, AL, but 
release has been given rather late as shown at R, and the exhaust shows 
contracted <mening or wire-drawing, for it slopes down towards the left 
hah4 of thb ngure with gradually diminishing back pressure. 

J ' l ' V ft .. .. . I ,,,, , .,.. . 

* Students who desire to study the maiw defects to be found In indi- 
cator diagrams and their causes should refer to Indicator Diagrom wtYh 

S ne gjmI Boikr Testing^ by Charles Day, Wh.So., Publish^ by The 
nioal Publishing Co., Manchester. Also, Steam Sngim Inakator 
9/nd Indicaitor Dia^m, by W. Worby Beaumont, M.lnst.C.E., The 
Slec^lcjbm Series ; and Bieed^s Engineer^ ffatidbook. 
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t'be TiiidEt idiir oxaivpldd o{ defective dards ate taken fihom a question 
tot at. the February, AMXO.K KxaminationB of The Institution 
of GvU Engineers, urhere the candidates are asked to point out whai is 
amiss with these four indicator diagrams, and to state the causes of the, 
defects. 



A L 

Fig. 8 shows up and down oscillations during the lime of steam admission 
which die off gradually during expansion. These oscillations occur when 
the ratio of the speed of the engine to the stiffness of the indicator’s 
reciuroiihting steam spring exceeds a certain value. Sometimes these* 
oscillations may be caused or intensified by dirty indicator p^tons or 
friction at a certain part of their stroke. They are, therefore, solely due 
to want of stiffness in the indicator raring for the speed and the 
momentum of the moving parts of the indicator. They might be damped 
by using stiffer springs, but then the diagram might be too small in hei^t; 
or they might not occur if the moving parts of the indicator were made 
as li^t as possible. It is with this object in view that the moving parta^ 
in the Crosby and other indicators for indicating fast speed engines are 
made as light as possible. It will also be observed that the exhaust line 
is high above the atmospheric line, A L, thus showing that the diagram 
was taken from the first or high-pressure cylinder of a triple-expansion 
dtagine Further, the expansion is carried out to an extreme extent since 
the pressure in the cylinder falls to that of the back pressure before 
the end of the stroke. 



Fig« 9. — ^This diagram is evidently taken, either from a non-condensing 
engine, or from the H.P. cylinder of a compound engine, since the exhaust 
line is slightly above the atmospheric line. In either case,^ the release 
apparently takes j^ce too soon, as shown by the hollow droop in the right* 
hand toe of the diagram. This defect may, however, be caused by went 
of clearance between the parallel motion lever and the curved arm of a 
Richards indicator. aAIso, the card would be improved if compression 
took place sooner* The sudden rise (so or hiatus at the oornfaenoe* 
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' * ' 
fli |8K <3aiDt>i«s9i(m otttve* wy ^ due, either to 0 , ifiifhbleakja the 
ap 0 ^ Mi valve of the engine at this point of the stroke. 
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. Fig. 10.— The peculiarity to be observed in this diagram, is the 

irregular wavy admission line. This is probably due to the indicator 
pencil pressing too hard or unevenly upon the drum paper. The second 
fault shows a bad expansion curve wnich may be due, either to evaporation 
of initially condensed steam or to a leaky admission valve. The thiid 
and chief defect is seen at the compression corner of the diagram. This 
is evidently due to a leaky piston. This diagram is obviously obtained - 
Erom the H.P. cylinder of a compound or triple-expansion engine, as the 
MichauBt lin^ is so high above the atmospheric line, A L. 


Fig. 11* 



Fig. 11.— Looking at the left-hand end of this diagram we see, that there 
^ was neither cushioning nor lead. Both of these defects could be remedied 
by putting the eccentric sheave further forward, so as to give the valve 
more lead and out off the exhaust sooner. We also see, that the exhaust 
. release takes place too late, and this would also be remedied by the 
increased forward angle given to the eccentric. In fact, all the four points 
, of compression, admission, cut-off, and release take place too late. If 
the engine is a non-condensing one, the back pressure is higher than it 
need be vHth a good free exhaust. 

Turning now to Fig. 6 in the Appendix to this lecture, we see a very 
peoo|ii^r locm diagram. This kind of card is often obtained from the high* 
pressure cylinders of Corliss or drop- valve engines, when running on a very « 
flight or no external load. The exhaust port is closed almost from the 
commencement of the return stroke. Cushioning thus takes place to such 
an extenty that the back pressure rises above that of admission before the 
oommenceineat of the next stroke, which causes the negative Jobp osf the 
^eftfhand Uppe^ corner* The method of measurin^^ by Amsler^s integratcr, 
Cthc net ecea of work'done in this case should be studied* ' ' ' 


0 
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a compound engine should all be taken at the same tlme^ so that 
the conditions of boiler pressure, cut-off, kc., under which each 
diagram is tahen, may be the same. Since the pressure of 
steam in each cylinder is different, springs of different strengths 
are used in each indicator, and hence the diagrams of different 
cylinders are all to different scales. From these se]>arate 
dSftgrams, therefore, we cannot get much information, except as 
regards the working of the valves and the amount of work 
developed by each cylinder. In order to tell accurately the 
extent of the loss of pressure between each cylinder, and the 
loss from liquefaction in the cylinders during admission, as well 
as any abnormal increase of pressure at any point due to re- 
evaporation or steam jacketing, we require to draw aU the 
diagrams down to the same scale, when the distribulfion of 
steam may be clearly seen. ^ 

The saturation expansion curve should be plotted out on the 
same sh^et of diagrams, so as to show clearly the variation of the 
actual expansion from this curve. In combining compound 
engine diagrams, it is best to take the volume of steam under- 
going expansion, as equal to that of one pound of steam at the 
given pressure, so that all diagrams shall be drawn on the saUie^ 
basis and may be compared with each other If we do this, we 
can readily construct the saturation expansion curve from tableej 
■without any calculation or geometrical construction. A dia- 
gram of the expansion of dry saturated steam is plotted in the \ 
* turbine^ lecture, and ureatly facilitates the construction of the / 
jsaturation curve. In tois diagram the vertical ordinate represents < 
i absolute pressures in lbs. per square inch, while the honsontal 

I abscissa represents the volume in cubic feet of one pound of 
steam. By its aid — ^if the volume of steam undergoing expansion 
is one pound — ^we can read off the pressure corresponding to any 
l^rticuiar volume ; and, if we set off this pressure at several 
different points throughout the stroke, we have only to join those 
points in order to complete the saturation curve. 

^ To illustrate this important point, we append the diagrams of 
the compound engines of H M.S. Boadicea^ and proceed to show 
how-to reduce them to the same scale and draw the saturation 
curve. The engines have one high-pressure and two low- 
wesSure cylinders, and the ratio of the joint capacity of the two 
low-pressure cylinders to the high-pressure cylinder is 3*11 : 1. 
The steam is cut off at *46 of the stroke in the high-prejsso^ 
oylipder, an4 the volume of tiie high-pressure cylinder is 
cubic feet The pressure ofihe steam is 60 lbs. absolute, and the^ 
clearance of each cylinder 6f tiie volume of the oflindet 
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FlO. 12. — OOMBINDD I'tOXOATOB DlAOBAKS — H.M.8. “ BoADIOBA.” 


Quantity of steam used ) volume of cylr to pt. of oaiH>ff + 
in bigh-pressure cylr. / clearance. 

„ „ „ = voL of cylr. x -46 + 

116-26 X -46 + 

64^4 cubic feet. 


▼oL of cylr* 


M 


II 


ft 






^35 

!t]ie volume* of one pound of steam at 80 lbs. pressure may be 
found from Rankine^s diagram already referred tO| or the table 
in Lecture XY., to be 5 '4 cubic feet. 

. • . Weight of steam used in high* \ 64*04 < , . 
pressure cylinder in each stroke / “3^4 ** 

•*. Volume of high-pressure cylr. ) 116*26 

\perlb.ofsteam(withoutclearance) j 11*85 “ tt, 

Olearaxtce of high-pressure cylr. ) 9*81 « , . ^ i 

per lb. of steam used f Tr “ nearly. 


Volume of low-pressure cylr per ) 
lb. of steam (without clearance) / 

Olearance of low-pressure cylr. 
per 1]}. of steam used j 


9*81 X 3*11 « 30*5 cublo ft. 
« 2 77 cubic ft 


We are now in a position to construct the diagram. Lay off to 
scale the line, 0 Vj,^ equal to the volume of the low-pressure 
cylmder per lb. of steam + its clearance » 30*5 + 2*77 » 33*27 
cubic feet, and draw the vertical line, 0 P, to represent to scale 
the initial pressure of 80 Iba per square inch. Measure off 
0 Oh s» *9 cubic feet, and draw a vertical line through Oh > this 
represents the clearance of the high-pressure cylinder. Now, 
make Oh Vh = the volume of the high-pressure cylinder per lb. 
of steam, and divide this space into 10 parts, to correspond 
exactly with the divisions on the actual indicator diagram. Lay 
off on these divisions the mean pressures shown by the indicator 
diagrams, and complete the diagram of the high-pressure cylinder. 
The diagram of the low-pressure cylinder is reduced in the same 
way. O Ou represents the clearance, and O^ Vj., the volume of 
the cylinder per lb. of steam, and in measuring pressures the 
mean of the 4 low-pressure cylinder indicator diagrams is taken. 

The construction of the saturation curve from Rankine's 
formula P Vtt s constant, or Table II , is extremely simple, 
since we are dealing with one pound of steam, and the pressure 
corresponding to any particular volume may be set down at once. 

Having now completed our diagram, we have a clear insight 
into the actual working of the steam in the cylinders of the engine. 
Evidently a large amount of wire drawing takes place in the 
high-pressure cylinder, as is shown by the great fall of presfure 
before the point of cut-off. The rise of pressure above the satu- 
ration curve which takef place during expansion, may partly be** 
accounted for by the action of the steam jacket in re-evaporating 
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moistute in the cylinder, or by the steam ^h|ch cond^tmed on 
admission re<eyaporating due to getting heat the eyl^der 
liner and the piston, &c.* The loss of pressure betw&n the 
two cylinders is from 6 to 8 lbs., and is rather more thisti ve 
usually find in well-designed engines. Wire-drawing also iakes 
place in the low-pressure cylinder, although not to su(^ a great 
extent as in the high-j[>ressure cylinder. * 

Foirbaim’s Saturation Curve. — When sufficient data cannot be 
obtained to reduce the volume of the saturation curve to that of 
one pound of steam, the diagrams may be drawn ^to the same, 
scale, and the saturation curve drawn from the point of cut-ofi^, Oj 
by a simple geometrical construction. This is founded on the 
formula of Fairbairn and Tate for the expansion of saturated 
steam given in the last lecture, (v - 41) (p+ *35) = constant = 389. 



Fio. 13.— Method op Constructing Faiebaien’s Saturation Curvb. 

The diagram shows how this may be done. Lay off 0 A 
on the line of volumes equal to *41 cubic foot, and firom A 
measure A X off below 0 Y = '35 of a pound pi^ure, and 
draw new axes of pressure, and volume X and X Yp on 
these axes describe an hyperbola. The hyperbola considered 

* Steam when passed thtough coutreoted and tortuOns pas8agei^'’ao aa to 
be reduced in pressure or wire-drawn,” Leoomes more or less si^nwheated 
by the friction of its: molecules, heat being the direct result of the work 
sj^t on frictien. This my slso account ibr some of the risov 
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reJatiVely t6 ^ oM ams vill be the curve of Baturete4 steam, 
aiid» al't^hough it does not colupide exactly with Bankiue’s curve, 
it ie Suficientjiy near for all practical purposes. To find points 
on the hyperbolic curve, the following construction is the 
simplest :~Tahe any point, B, between 0 and D, and join it 
with X. Where B X cuts the vertical line, 0 E (through the 
point of cut-eff,*0), draw a horizontal Hue, EG, cutting the 
perpendicular let fall from B to G, then G is a point on the 
curve. By finding a number of points in this way, the whole 
saturation curve may be drawn as in the next figure. 

Combined Diagrams of a Triple -Expansion Marine Engine. — 
We pointed out in a former lecture, that the principal ad- 
vantage of compound over simple expansive engines is, that 
the cylinders are not subjected to such great variation of 
temperature, and therefore, the loss from liquefaction in the 
cylinders is less. With steam pressure of from 60 to 100 lbs. in 
compound engines, the expansion is carried out in two cylinders 
only, but when that pressure is exceeded, the difference of the 
initial and final temperatures of the steam in each cylinder 
becomes so great, that three or more cylinders are required to 
expand the steam efifioiently. The diagrams from the eugines of 
the S.S. ^^Aberdeenj** designed by Mr. A. 0. Kirk, of Messrs. 
Robert Napier & Sons (which were among the first triple expan- 
sive engines constructed), are shown on the previous page drawn 
to the same scale. These diagrams show that there is very little 
loss of pressure between the cylinders, and fit in very well with 

the expansion curve P V »’ Very little re-evaporation takes 
place since the range of temperature in each cylinder is smalL^ 

* The S.S. **Aberd€en'' is an iron ship, built in 1881 for MesBra^leo^ 
Thompson & Goy.’s London- Australian trade, by Messrs. Robert Kapier 
A fions, Glasgow, to the hifi^best class at Lloyds— 350 ft. by 44 ft. by 33 
ft. Th4 engmes were supplied with steam at 125 lbs. pressure from two 
ordinary double ended boilers, with no superheater, constructed entirely of 
steel, with six of Fox’s corrupted furnaces in each, the total beating 
surface being 7,128 square ft. The cyhnders were three in number, being 
30 in., 45 in., 70 m. diameter respectively, by 4 ft. 6 in. stroka The 
hwh-pressu^ cylinder was not steam jacketed, the second was steam 
jacketed, with steam of 50 lbs. pressure ; and the low-pressure one with 
st^am ox 15 lbs. above the atmosphere. On the official trial 2,000 tons of 
dee^ we^t were put on board, and a test made for the consumption of cOal 
on a six hours’ run at 1,800 1.H.P. The result was a consumj^on of 1*28 
lbs* of Peurikyjier Welsh coal per indicated horse-power. 

Set The Proeeedinge^ the Institution of Naval Arehiteete, 1882, for Mr« 
Eirih’S paper " Ou the Triple Expansion Engines of the S.S. * Aberdeen,^** 
and £sr a paper **Qn the Economy of Compound Eugboes,” by W. Farm 
Chief Eofkiher of Idoydb with discnssicms Oieie^ 
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* Fairbairn & Tate’s curve. + Adiabatic curve. 

Fig. 14 .— Combined Indicator Diagrams from the Triple-Expansion 
Engines of the S.S. “ Aberdeen.” ^ 

Graphic Bepresentation on the Indicator Diagram of the Water 
present daring Expansion. — Professor Ewing in liis book on 
The Steam Engime states, that the whole quantity of steam cmd 
water present dwring eaapwdsim^ is the cushioned steam the 
\ cylinder feed.” The quantity of steam which passes through 
the cylinder per stroke is the weight of steam admitted during 
each stroke up to the point of cut-off, which he terms the 
"cylinder feed.” 

!|!d estimate the amount of cushioned steam, he takes on the indicator 
^diagram a point alter compression has begun after the exhaust valve 
^ has become completely closed), and he notes *che pressure and he volume 
;there, remembering that the true volume is the sum of the incompleted 
portion pf the stroke plus the clearance. From this pressure and volume 
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the^quantity of cushioned stefun is readily calculated, OAmming that 
tha steam is sinif^y eaturaited and thca m water is preeemt when compression 
begins. As a rule, this assumption ia probably correct. Occasionally the 
ou&hioned steam may be wet (which would make its weight or amount* 
greater), but in most cases the supposition that the steam is dry when 
compression begins, may be accepted as involving] at least no serious error. 
The total quantity of steam in the cylinder during expansion is next found 
by adding t^p amount of this cushioned stean^to the ** cylinder feed.” A 

dry saturation curve (P VH = constant) can then be drawn on the indicator 
dia^am, to show the volume which this total quantity would fill i/ it were 
^y and saturated, at each pressure reached during the expansion. 

jPifT exampte, take the following reduced diagiam which he took from 
a small engine of the marine type. Here the line, S S, is the dry saturation 
curve, which is drawn with the ordinate 0 to 60 lbs. as its origin, to the 
left of the diagram which the indicator traced, by a distance which repre- 
sents the volume of the cylinder clearance. 

If a horizontal line, A B S, be drawn to intersect the expansion curve 
at any point B, then AB represents the actual volume which the 
exfianding mixture filled at the pressure OA; and AS is the volume 
which it would have filled had it been dry saturated steam, whilst B S 
represents the^olume that is lost due to wetness. Hence, the proportion 

B S A B 

of water in the mixture is sensibly and the dryness fraction x = 

Thus, the proportion of water present at any stage of the expansion may 
be similarly determined. 



Fia. 16. — Eepbesbntiko the Quantity of Steam and Water Present 
DURING Expansion in a Simple Condensing Engine. 

In the engine in question he found, that the amount of “cylinder feed” 
per single stroke was 0'0404 lb. The pressure at the compression point, 
C, was found to be 4 lbs. per square moh absolute and the volume was 
0*12 cubic foot. ^ Since the volume of 1 lb. of steam at that pressure of 
4 lbs. is 90*4 cubic feet, it follows, that the amount of cushioned steam was 
0*001d lb. This gives a total of 0*0417 lb., for which the saturation curve, 
S8, was drawn. By measuring values of BS/AS at points along the 
curve, it was found that the j^roportion of water in the iftixture was o0 per, 
cent, at cat-off, then increased to about 66 per cent, during the early * 
rtages of expansion, became less, and finally aasik to 37 per cent* just 
before release took place. 
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jeriud^nt will tiote from this^ actual case, that in mair 
i;fU].aoh;ated mimues the amount of water present in ateatu at 
ind immediatmy after the point af cut-off may be fully 6(^Cr 
cent, of the weight of dry steam taken from the boiler. This 
» fact is not generally recognised or understood by steam users, 
but it most undoubtedly accounts for the great benefits derived 
from so superheating steamy that it shall remain 'perfectly dry 
up to the point of cut-off, or even to the end of the stroke. 

When dealing with compound engine diagrams, Prof. Ewing 
says, it is better to modify the construction of the p^'evious 
figure by sepaiating the cushioned steam from the cylinder 
and drawing the diagram for the latter. The reason for 
this modification is, that the amount of cylinder feed is the 
same for both or all the cylinders, whereas the amounts of 
cushioned steam may be different in each cylinder. This allows 
a combined diagram to be drawn for the several cylinders along 
with one saturation curve.* 

It will be observed, that this new method has not been 
followed in the combined previous curves of H.M.S. “ Boadicea ” 
and S.S, “Aberdeen;” for tJiere — as is usual in ordinary marine 
practice — ^the saturation curves have been drawn on the 
assumption that the steam was dry at the point of cut-off; 
and further, that the amount of substance which is taking 
part^n the expansion is the same in the different cylinders. 
Consequently, a single saturation curve cannot properly apply 
to all the cylinders unless the above method be followed. In 
fact, the proper position of the saturation curve for each 
cylinder of these two engines should be further to the right 
hand by the amount of liquified steam in each cylinder. 

Gain in Lbs. of Steam per I.H.P. due to Superheating.! — It will 


* See Proe, Inst 0, E . , vol. xcix. , 1889-90, for Prof Osborne Reynolds’ paper 
on “ Tests of the Triple Expansion Engines ” at Owens College, Manchester. 

tl am indebted to Mr. E A Reynolds, M A., of Messrs Willans ft 
Robinson’s Soientifio Staff, Rugby, for the original ourves from which 
Figs. 16 and 17 have been reproduced, and to his paper on “ The Economy 
of Superheated Steam” recently read and discussed before the Rugby 
Engineering Society foi certain data. 
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bo both intoreaUng and ineitruotiTe at this stage to consider the 
actual gain in the weight of steam required by a certain class of 
engine due to superheating the steam to different degrees F. 
above that of dry saturated steam of the same pressure. It 
will be seen from an examination of the three curves in Fig. 16 



20 40 60 eo iOO tio f40 teo m 200 220 

Fig. 16 .— Cubyes showing the Peroentage Gain in Feed- water, or 
Steam used per LH.F.-hour due to Superheating the StbaMi 
WITH Messrs. Willans & Robinson’s Simple, Compound, and 
Triple-expansion Engines. 


that the percentage gain in the feed-water supplied to the boiler 
or in steam used, increases much more rapidly with the simple 
non-condensing engine (up to a certain degree of superheat) 
than with either the compound or the triple-expansion engine. 
The author is sorry that he has not got the data for the simple 
condensing engine. It is evident, however, that the curve for 
such an engine would lie on the diagram somewhere between 
that of the curves for the simple non-condensing and the com- 
pound-condensing engines ; because, it might be taken as a 
general rule, that the greater the economy which an enginO 
showed without superheating, the less would be the percentage^, 
gain by aid of superheating. 


16 
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It <vil][ be observed from the inclination of the curires^ that a 
qiiicker increase of gain was obtained at the lower degrees of 
superheat than at higher temperatures. This leads to the 
conclusion that there is not much gain os a whole by super- 
heating steam to a higher degree before it enters a cylinamr, 
than will just enable it to exhaust in a dry condition from that 
cylinder. Consequently, it would appear from this &ct^ and 
also from the other circumstances to be referred to later oni 
that instead of applying such a high degree of superheat as, 
say^ 200** F., to high-pressure steam before it enters the first or 
Mgl L-pressure cylinder of multiple-expansion engines, it* would 
be better to simply superheat at first, by 100'' to 150" F., and 
then to reheat the exhaust steam from each cylinder by just 
the required amount ; except, of course, the last or low-pressure 
exhaust, which is in connection with the condenser. From Mr. 
Keynolds’ tests it appears, that very little difference in per- 
centage gain was obtained with tiiple-expansion over that of 
the same class and power of compound engines with the same 
initial steam pressures and the same superheats. The gain in 
each case varied, of course, with the point of cut-off, or ratio of 
expansion. But, taken generally and roughly, it appears, that 
for a fixed cut-off in all tlie cylinders, the consumption lines at 
different degrees of superheat form a series of convergent 
straight lines, as shown by Fig. 16. Under these circumstances, 
it may be considered, that a simple non-condensing engine using 
Superheated steam, could be made to work as economically as 
a condensing one at the same revolutions and power, when 
supplied with dry saturated steam. Also, a simple condensing 
engine should be equal to a compound one, and that it would 
be scarcely worth while to employ triple-expansion engines as 
far as economy, simplicity, and sweet working was concerned, 
when their extra complication, first cost, and upkeep was taken 
into consideration. If the superheat were high enough to let 
the steam be still dry at the exhaust of the intermediate 
cylinder of a triple-expansion engine, then the same economy 
^^in steam could be obtained by using a compound engine with 
' |k correspondingly early out-ofi to give the same expansion. Of 
course, with the triple, there would be less exchange of heat 
between the metal of the cylinders and the steam thah in the 
compound engine, due to the smaller range of temperature in 
each of the three cylinders. This would, however, entail 
"'perluil^ps an inconveniently high initial temperature in tbb 
first cylinder, and hence, as we said before^ it would ^ better 
reheat the steam in the intermediaf^e receiver. This may 
^ ,be dbne |>assing live, highly superheated .ateam^ through 
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a cpilfixfed i» fee intermediate receiver on ite vrajr to thefiret 
c^rlindet ^team* chest, '^hich it would enter at a convenieltitif 
lov^er degree of superheat. 

Qein in B.T.^. per LH.P. Due to Saperheating^Besults given 
in lbs, of water per I.H.F.-hour when using superheated steam 
are misleading, from the fact, that such a statement does not 
^ take into account the extra heat u&its imparted to the steam 
by superheating it. It has been suggested that a better com- 
parison would be the number of lbs. of coal burned in the 
TOiler furnace per I.H.P.-hour. But, it is well known, that 
coal varies much in calorific value, and boilers in efficiency. 
Consequently, this common but somewhat rough and ready 
method should be discarded when accurate and scientific com- 
parisons have to be made. A more exact method would be to 
give the total heat units supplied to the water per 
hour. In applying this method it is generally assumed, that 
the feed-water is at, say, 100* or 200* P. These are, however, 
mere arbitrary feed-water temperatures, which might be 
specially applicable to certain installations, but could not be 
recognised as fixed standards. The author, however, believes, 
that if the results were reckoned in B.T.U. supplied to the feed- 
water from 32* F. or from 212* P., a fair and uniformly 
applicable start could then be made from one or other of these 
two fixed temperatures. It would be most convenient to start 
from water at the higher fixed temperature of 212* P , because, 
as we saw in a previous lecture, the evaporative efficiency of 
boilers is reckoned by the lbs. of water which they generate 
into steam from and at 212* P. 

Taking the case of the simple non-condensing Willans A 
Bobinson’s engine, it was found that when using steam of 65 
lbs. pressure per square inch by gauge, or 80 lbs absolute in 
the steam chest, with a cut-off at *3 of the stroke, a gain of 
35 per cent, in the weight of steam resulted by superheating 
it 200* P., with a consumption of only 20 lbs. of steam per 
I.H P.-hour. (See the uppermost curve in Pig. 17.) Kow, 
if 35 per cent, were the gain in this case, due to superheating, 
what would be the lbs. of steam per I.H.P.-hour, at the same 
pre^eure^ out off, and revolutions per minute, when supplied with 
odUnary dry saturated steam 1 Here, 100 per cent. - 35 per cent 
(gl^) leaves 65 per cent, used when superheated, what weight of 
eteam would 1;>e required when it was saturated? Hence — ^ 

(Superheated) : (Saturated) ; -.(Weight superheated) : (Weight satmatedlt 
W% I 100%*;: 20 lbs. : »lbs, 

a 30*8 lbs« 
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At 80 lbs. pressure absolute, reckoned from 32* F., the number* 
of B.T.U. per lb. of this steam is 1,177 (see Steam Table IL). 
Subtracting from this total the sensible heat units per lb. of feed- 
water between 32" F, and 212" F. we get (1,177 - 180) « 997 
B.T.XJ. This quantity multiplied by 30*8 (the lbs, of steam 
required per I.H.P.-hour), gives 30,707*6 as the total B.T.XJ. 
from and at water of 212" F. But the steam was supefrheated 
by 200"* F., and assuming the specific heat of such steam to be 
0*48; then (0*48 x 200) « 96 B.T.U. per lb., which, if added to 
the above 997, gives 1,093 B.T.XJ. per lb. of superheated .steam. 



al Step inJ?£pru9 ^ah. 


Fio. 17. — Curves Showing the Peroentage Gain in B.T.XJ, given to 


FEKD- WATER, AS WELL AS THE PERCENTAGE GaIN IN StBAM USED PER 

I.H.P.-H0UR Due to Superheating in Willans & Robinson’s 
Simple, Compound, jind Triple-Expansion Engines. 


Consequently, since 20 lbs. of such steam was used, (20 x 1,093) 
<» 21,860 B.T.ir., as the total heat units in the superheated 
steam required per I.H.F.-hour, hence : — 

^ B.T.U. B.T.U. 

30,707*6 ; 21,860 100% : y%. 

y = 71*2%. 

of, (100 per cent. — 71*2 per cent.) « 28*8 per cent., which is 
the net calculated |[ain when reckoned in B.T.XT. added to feed- 
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water from 212** F. due to superlieatiiig, instead of the preyiously 
measured 35 per cent, gain in lbs. of steam used per I.H.P. In 
all cases, as shown by Fig. 17, it will be found that the 
difference between these two systems of estimating the gain due 
to superheating, increased with the^ superheat. When testing 
engines using superheated steam, it will be found interesting 
and instructive to plot down curves of their percentage gains by 
both methods. 

The author has put the previous proportion sums into a simple 
formula for ascertaining the percentage gain in B.T.U. given to 
feed-water due to superheating in the following way.* 

Let = Heat units per lb. of superheated steam from temp, of feed- 
water to temp, of superheat. 

fi H«a = Heat units per lb. of saturated steam from temp, of feed- 
water to temp, due to pressure, pj in lbs. per square inch 
absolute at the steam cmest. 

„ W«u = Weight of superheated steam used per I.H.P.-hour at the 
* stop-valve pressure, p, and temp, of superheat. 
t» Wm = Weight of saturated steam used per I.H.P.-hour at pres- 
sure p. 

Then, Percentage gain in B.T.U. 1 _ ion - W^A 

due to superheat J ~ \ . W«, /' 

But, H«a = (H— S) (see Lectures VII. and IX.). 

Where H = Total heat in B.T.U. per lb. of feed- water from 32® P., as 
found from Table II. on “The Properties of Saturated 
Steam,” up to and at preissuro p. 

And, S = Sensible heat in B.T.U. per lb. of feed- water from 32® F. to 
temp, of feed, t/. Or, S = (^® - 32®). 

Also, Hstt = Hsa+Hcr^w (s©o Lectures IV., 'Val., and XI.). 

Where H^ ss 0*48 the specific heat of steam and tlu = superheat at steam 
‘ chest in degrees Fah. 

Substitute these values in the above formula : — 




[H-(<>-32")]W„ 

Taking the same test and values as in the previous example for the 
simple non-condensing engine, where s 80 lbs. ; fl = 1,177 B.T.U.; 
t/ = 212®; H^ = *48 ; tlu = 200® ; = 20 lbs.; and Wsa = 30*8 lbs. 

- 100 - J 


1 


[1,177- (212” S2)]30-8 ^ }' 

Or, % 10 ^. - 100 - { . 100 - 71-2 - 28-8. 


* This formula was devised by Professor Jamieson for the discussion on 
Mr. F. J. Rowan^s paper on “ Superheated Steam. See Proc. Inst, Mings* 

and Shipbuilders inScofkmdg voL xlvii., February, 1904. 
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The gein in B.T.TT. is therefore 28*8 per oeiit*> as found before 
and frem the test of Willans & Eobinson's simple nou-condensiug 
jengine, with a superheat of 200* F. 

It will be seen, that the only variables in this simple formula 
are and W«t. Consequently, a constant can easily be found 
for the other values. The various calculations can, therefore, be 
quickly worked out for ofie complete set of trials at* different 
degrees of superheat, their results marked on squared paper, a 
mean curve drawn through them, and comparisons made with 
tests of the same or of other engines for any agreed-upon tem- 
perature of the feed- water.* 

The Effects of Raising the Superheat on the Indicator Card and 
on the Economy ot Steam. — As an illustration of these effects,* 
we reproduce the two mean indicator cards obtained by Prof. 
Ewing during his 1899 tests of the Schmidt superheater plant, 
to which we referred in the previous lecture when dealing with 
the “ History of Superheating.” The engine was horizontal, 
single-acting one, with two side by side cylinders and the cranks 
at 180* apart. The pistons were 70*9 inches diameter, with a 
stroke of 11*8 inches, and a speed of about 175 revolutions per 
minute. The engine was made to work against a brake, and the 
B.H.P. was measured simultaneously with the I.H.P. The 
exhaust steam was collected in a surface condenser at atmo- 
spheric pressure, whilst the condensed water was weighed as 
well as the feed- water. The feed-water was 5 per cent, greater 


* Since writing the foregoing and on going to press, I have just 
received the kind permission of The Institution to quote from *‘The (1898) 
Report of the Committee on the Thermal Efficiency of Steam Engines,*' 
appointed by The Institution of Civil Engineers, where they state : — ' 

^*(1) That the statement of the economy of a steam engine in terms of 
pounds of feed* water per I.H.F. per hour is undesirable. 

‘*(2) That for all purposes, except those of a sciontifio nature, it is 
desirable to state the economy of a steam engine in terms of the thermal 
units required per I.H.F. per hour (or per minute), and that if possible 
the thermal units required per brake H.F. should also be given. 

**(3) That for scientific purposes the thermal units that would be 
required by a perfect steam engine working under the same conditions 
as the actual engine should also be stated. 

*'The proposed method of statement is applicable to engines using 
superheated steam as well as to those using saturated steam, and the 
ODjeotion to the use of pounds of feed-water, which contain more or less 
thermal units according to conditions, is obviated, while there is no more 
praotioai diffeulty in obtaining the thermal units per LH.F* per hour 
there is in arriving at the pounds of feed- water. 

**!B'or soientifio purposes the difierence in the thermal units per L9.P. 
ritqniried by the perfect steam engine and by the actual engine shev/s. the 
JloA due to impeneotions in the actual engine.. 

* A further gr^at advantage of the proposad is that the ambiguous term 
^e^dienoy ’ is not required.’^ 
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PresBure of steam by gauge in lbs. per square inch \ 

^ at stop valve, / 

Temperature of steam close to engine, . 

Amoupt of superheat in Fah degs. close to engine, 

Bevolutions per minute, 

Load on brake in lbs., 

Brake horse-power, 

Weight of steam in lbs. condcnsod per revolution, 

B.H.P.W, 


Low 

Degree of 
Supeiheat. 

— 

High 

Degree of 
Superheak 

no 

126 

494* F 

640* F. 

185* P. 

320* F. 

176 

177 

280 

320 

15-64 

18-33 

0*0399 

0-333 

26 5 

10-4 



With 186* F. of 

Superheat. 
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than tho exhaust steam collected in the condenser* This wad 
probably due in part to the leakage of steam past the piston 
rings through the open ends of the cylinder. 

In the upper diagram, the pressure between the stop valve 
and the inside of the cylinder fell from 1 10 to 102 lbs., whilst 
the steam in the cylinder is shown to be wet throughouj/,'' by the 
distance between the saturation curve and the expansion side of 
the card. Also, the steam contained about 21 per cent, of water 
at cut-off and about 18 per cent, of water just before release. 

In the lower diagram, the pressure between the sto'p valve 
and the inside of the cylinder fell from 126 to 118 lbs., whilst 
the steam in the cylinder remained dry and almost coincides with 
the saturation curve throughout the expansion. It is very 
little superheated during the early stage of the expansion, 
whilst it becomes saturated shortly before release. It there- 
fore appears, in this small open-ended, unjacketed engine, 
with a cut-off at about { of the stroke, that the coolidg action of 
the cylinder walls is such, that a superheat of 320*" F. only 
suffices to make the steam dry at cut off and to keep it so during 
expansion. Whereas, a superheat of 185*' F. does not prevent 
the steam from containing no less than 24 per cent, of water at 
cut-offi, due to initial condensation and other causes. 

This lesson, to engineering students, is a startling revelation, 
and shows most conclusively, that although the thermo-dynamic 
efficiency of highly auperhmted steam is relatively small, yet the 
benefits derived therefrom are chiefly threefold : — (1) The pre- 
vention of initial condensation ; (2) the prevention of alternate 
condensation and re-evaporation in the cylinder ; (3) that, with 
such leaky moving parts as trunk pistons, plain pistons, steam 
and exhaust valves without springs, the leakage of steam past 
these sliding surfaces is much less with highly superheated steam 
than with medium superheats, or with dry saturated steam. The 
B.H.P. increased nearly 18 per cent, with far less than this 
increase in mean steam pressure. This is, however, not the 
best result which Professor Fwing obtained from an engine 
using highly superheated steam on the Schmidt system, for in 
1903 he got the remarkable figure of 9 lbs. of steam per I.H.P** 
hour. 
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^ Tbe Planimeter.* — It is frequently necessary for engineers to 
ascertfiin the areas, and mean lengths or breadths of irregular 
flat flgures, such as plans of properties, countries, ships, and dia- 
grams of work done by engines, dynamos, and other machines. 
In order to explain how such areas and mean heights may be 
obtained by aid of this instrument, we shall first of all describe 
the construction and action of Amsler’s Planimeter and the 
method of reading its scales. 



FlO. 1.— AmSLJDB’S PlANIMETBB and its RlfiOORDIKG MxonANiSM. 


Amslef^s Planimeter , — ^From Fig. 1, it will be seen that this instrument 
consists of two metallio arms or bars, A and C, hinged together at H on 
the sleeve, S. One arm, A, carries, at its free end, a weight, W, and 
a needle point, P, which acts as a fixed pivot for the instrument. The 
other arm, C, carries a tracing point, T, with which the outline of any 

^ to bis measured is traced, whilst the third supporting point oonsists 
roller, R, on which the whole freely moves over the diagram. 

By referring to the enlarged Fig. 2, the details of the counting mechan- 
ism will be better understood. The roller, R, carries a drum, D, which is 
graduated to record the area traced by the point, T. There is also a set 
pin, p (Fig. 1), with adjusting nut and screw, by which the arm, C, may 
be fixed to the sleeve, S, at any desired position to give a convenient scale. 


* 1 am indebted to the Crosby Steam Gage and Valve Company’s 
Amerkm Indkalor Pocket-Book for four of the first five figures in this 
article. There ore many kinds of planimeters or integrators of areas, as 
will be seen from a perusal of Prof. Hele Shaw’s paper on Mechanical 
Intemwtors,” read before the InBt.C.E. (see Proc,, vol. Ixxxii., paper 
Ko. l3,()63). I have chosen the Polar Planimeter, invented by Prof. 
Amsler-li^on, for des^ption here, because it is the one now mpst 
commonly used by engineers for ascertaming the areas and mean pressures 
of engine indicator diagrams. 
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Sttei^ Jtfe(A(WM».-The mond fljgare show to de^ the 

of th6 plaiiimeter* The drum, D, of tho roUfiir^ne6l| R, ii 
divided into 10 equal and larger parts number^ 1 to 10. |wh part <» 
number represents one square inch for a certain position of C in 3 ^ 
shown at K. The distances between each of these 10 numbers are sub- 
divided into 10 equal parts, each one of which represente one-tmih of a 
square inch. The vernier, V, 1]|^ 10 divisions, each of which is one-tenth 
less than any of the 100 on D. Consequently, if one divisftm on V 
exactly coincides with another on D, the distance— counted from zero— 
represents so many hundredths of a square inch. 

The graduated wheel, Q, is geared to the roller, R, in such a manner 
as to rotate once for ten revwutions of R. The face of this •wheel is 
divided by radial lines into tm equal and numbered parte, each -one of 
which represents ten square inches. It therefore indicates the revolutions 
of the roller wheel, R. 

Method of Reading the Scatee —Now, supposing that a certain area has 
been measured from zero, the result may be read off as follows 

(1) Find the numbered radial lino on G (Fig. 2) which has just passed 
the mark line on the fixed arm, J. Say it is 1. This represents ten* 



FlO. 2 .— RxCOBDINO MxGHAKISU of AmSLBB’S PXiAfriMBTlIB. 


(2) Find the number on the drum, D, which has passed zero (or 0) on tho 
vernier, V. Let this be 4. This represents 4 unxta, 

(8) Further, let the number of subdivisions over 4 be 7, as shown by the 
dotted line, a. This 7 therefore represents ^ or *7. 

(4) Find the graduation number on the vernier, V, which exactly coin- 
oides with a division line on D. Let this be tho thM one from zero. It 
therefore represents 3 hundredths. 

Thep, as a whole, we have 14*73 square inches as the complete reading 
which represents the full area of the figure that has been traced in outline 
by the point, T. 

If the movement of the roller wheel, R, had been 3 one-hundredths 
Its seMth graduation would have coincided with tho zero of the vemiert 
V| am the reading would then have been 14*70 instead of 14*73, 
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OiNtttiMl tot Vtintf Am^s^l Planiia^r.— Xto i» a 

precise and delicate inslnunent. It should be handled tod kept with 
great care in order that it may be depended upon to give accurate results. 

It is also necessary to have a flat, even, unglazed surface for the roller 
whed, R> to travel upon, A piece of dull finished cardboard will serve the 
purpose veiy well 

flad the Area of a Figure with the Ptommeter.— (1) Place the instru- 
ment on the drawing in the position showti graphically by Fig. 3, so as to 

allow perfect freedom of motion in every 
direction in which it requires to move. 
Place the weight at P, and press the 
needle-point down gently, so that it will 
]ust stick to that place. 

(2) Put the point of the tracer, T, upon 
any given point in the outline of the fi^re. 
Do not waste time in attempting to set the 
scales to zero, but take the iniHod reading, 
as previously directed, wherever they hap- 
pen to stand. Follow the outline of the 
figure carefully with the tracer-point, T, 
by moving it m the direction indicatea by 
the arrows until it returns to the starting 
point. That is, move from T] to to T3 
to T4 back to Tl. Then the scales must 
be read off for the^nol reading, and the 
difference of the two gives the area, pro- 
vided P lies outside the figure, 

.y. 5. —Great care must be taken to have the instrument tn its proper 
position for tracing the outline of the figure before taking the inUiod 
reading. Also, the final reading should be taken as soon as the tracing 
is completed, because the least movement of T will change the result. 

To measure Indicator Diagrams with the Flanimeter. 

1. To obtain the Area in Square Inahes, — By referring to Figs. 1 and 2, it 
will be observed that there are vertical numbered marks on the front side 
of the bar, C. Now, when set pin, p, is slackened, the bar, C, may be 
pulled out or pushed through the sleeve, S, until the line mark, K, on the 
right hand of S is opposite to a vertical numbered mark on the side of C. 
For example, if we desired to measure the area of the diagram in square 
inches, the line at K should be brought fairly opposite the line marked 
10 square inches on C ; because, one complete revolution of the roller, R 
(which is 2 5 inches in circumference), will indicate 10 divisions or 
10 square inches on its drum, D. Then tighten the set-pin, p. The exact 
distance between the tracing point, T, and the hinge, H, will now be 
4 inches — ».e., the radial length of the arm, C, is 4 inches, and the distance 
between the two upper pomted pins, L to I3, will also be 4 inches. 

Now, by running clockwise round the diagram with T (as indicated by 
the arrows in Fig. 4, in the manner previously described), the difference 
between the inilkd aad final scale readings mil indicate the area of the 
diagram in square inches — 

For, (Length of arm, C) x (Circumference of R) s Area of diagram- 
4" X 2*5" sr 10a inches. 

Onie accuracy of the instrument to indicate square inches, may be tested 
by drawing exact fine lifib squares of 1, 2, or 3 uiches sides, ana passing T 
eare^y ahmg them clockwise. When straight lines have to be foUoifedt 
a thin straight rule may be placed close alongside of them to gqifie T* 
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Fio. 4.— Finding thb Area or an Inoioatos Diaqbaii. 


or Mean Pressure of a Diagram.-. 
i?L the set pui, p, and push m or pull out the bar, C, until the two 


of the bu. C), ex^tly fvide off the lengS of tte wKem 

along the atmospheric hne, or parallel to it, as shoTO Fig. 67 Iha 
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final adjustment is made by the little nut and sorew seen under the pin» 
pf in Fi^. I and d, c|^r the set pin is tightened. With this adjustment^ 
the figures on the counting disc> G» represent himdreda, those on the roller 
disc, D, ienst and each of its finer 100 divisions unitSt whilst the vernier, 
V, will give the decimals. 

(6) Place the instrument in the position shown by Fig. 4, and trace the 
outline of the diagram as previously directed. The difference of the 
readings wj^l be its avemge height m fortieths of an inch.* 

S^nce, Speight j. x (Length of diagram) = Area of diagram. 

•*. (Net reading on D) x (Arm, C, or H T) = „ 

Since the distance between li and I2 is always equal to length of arm, C, er H T, 

• *. Avetuge height of diagram = A et reading on D. 

Suppose, thlt after measuring the diagram, we read from the figures on 
the roller disc, D, and its intermediate aivisions, and from the vernier, V, 
also, 3, 6, and 2 respectively. Then, we have 35*2 fortieths of an inch, 
which, divided by 40, gives *88 of an inch as the average height. This, 
multiplied by the scale of the spring used (which in this case we assume 
to be 0() lbs per lineal inch), gives 62 8 lbs. as the mean effective ptemtre per 
square inch on the engine piston area. A simple method is to multiply the 
reading by factor corresponding with the scale of the spring, which, 
for a 60-lb. spring, is (60 40) — 1 *6. 

Or, Mean preeevre per square inch = 1*6 (mean height of diagram). 

3. To obtain the Mean Effective Pressure of Looped Diagrams. — ^When 
taking indicator cards of engines, instances occur where the back pressure 

line rises above the forward pressure 
line, due to excessive compression. 
Then, part of the indicator diagram 
is positive while the other part is 
negative, as shown in Fig. 6, by 
the hatched and unhatched por- 
tions respectively. Consequently, 
we must have the area of the 
unhatched portion deducted from 
that of the hatched portion when 
the mean effective pressure is calcu- 
lated. In order that the planimeter 
should effect this deduction auto- 
matically, the tracer-point, T, should be caused, in traversing the loops 
and lines, to move upon eveiy portion of them in the same direction as 
that in which they were drawn upon the paper by the indicator-pencil. 



Effbotive Pbessure from a 
Looped Diagram. 


* Since the ipUer, R, is 2*6 inches in circumference, and its scale on 
drum, D, is divided into dO x 10) 100 equal parts, each of these fin0% 
divisions must represent (2*6 100) = inch. 
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Xfttheaiatioal ExpUiiatiott of Ameler’B 

aad olwwrt mathematioal explanation of frier’s PlaiuinetM I 

hav^ seen, is to be fotuid in The PhUoeophicai MagoAvn^t vol. xlyiiiaji ffourtA 
Series, by F. P. Purvis.* I have altered hie index letters to owes^d 
with those indicating the same parts in the previous figures and added Fig* 
io to illustrate the latter part of his explanation. 



Pio. 7.— To Find the Travel of a Simple Bar, TiHi. 


Suppose that the instrument consisted simply ot the straight bar, TiH], 
of length, If carrying a pencil at each end, T i and Hi ; and, suppose any 
lines, T1T2 and Hi H2, to bo traced out by these two pencils. Then, let 
us consider how the area, T1T2 H2 Hi, may be expressed in terms of the 
length, ly of this bar, and the motion of some point in the same. 

Lot the motion from Ti Hi to T2 H2 represent an elementary motion of 
the bar, the centie of it Ri, moving from Ri to R2, and the bar turning 
about R2 through the angle {d B). Let {dn) be the normal distance from R2 
to Ti H|. This motion may be considered to take place in two parts : — 
Ist, the motion of Ti Hi parallel to itself into the position, th. 

2 iid, the motion of Ti Hi when th about R2 into the position, T2 Hg* 
The r^uired area, TiTg H2 Hi (in this elementary motion), is equu to the 
area, Tj^^iHi. But this area is also equal to l{dn)y since the area, 
ttgTai aa the area, fig Hg K and the areas, TiTg < and Hi Hg A, are 
negligible with respect to l{dn\ being the product of two infinitesimal 
quantities, while Z(d 9 i) 's the product of one infinitesimal quantity (oompar- 
^le with Mch of the two just mentioned) and the finite quantity, L 
Integrating for the whole area, TiTg Hg Hi, we see, that it is exposed 
by U X n), where n is the travel of the point, Ri, normally to the bar, Ti Hi, 
Npw, we may obtain that normal motion, n, by centring a wheel on the 
barat Ri, free to revolve in the plane at right angles to Ti Hi, and nesting 
at its oirmtmference on the paper. That, n, is given by the ciroumfereptw 
ttotjiffii of this wheel, may be seen by again considering the elementary 

I ■< — ll I..I I I - .. . . 


. f PbMi wu Sanior Whitworth SohoUw in the first oompetitiwi of 
|M», iqtd WP'wat Profeesor of Jfnval Arohiteotnre *t tiie 
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md^io)io£l^6b(urd&c<q|i&TtHi toTiH^^ While bar moves from T| Hi 
to $hg the meel timm through ^&e normal cUstanoe from RstoTiHi. 
While the bar toms about the pointy Rr> the wheel remain stationaty. 

If, instead of centring the wheel at Ri, we centre it at any other point, 
say fs, which mi^ be sK a distance, m, from R], then its cfrcumferential 
travel for the elementary motion will be the normal lei^h from roto 
Tj Hi, or (d^) -m{dO) And, for the whole motion from Ti Hx to Ta H3, 
irhn I5Q -mO), where 0 » the inclination of Ta Ha to Ti Hii 





Fro. 8.— Showing Bbtboqbadb Motion of the Bar from Ts H3 to T4 H. 


Jf a retrograde motion be now given to the instrument, bringing it ;nt 
the position, T4H4, the product {Ixn) will still equal the area include 
between the two curved lines (TiTaT4 and Hi Ha H4) and the two straigl 
lines (Ti Hi and T4 H4) Part of this area is shown negative, o: 
(f xn) = (TiTaT4/Hi “/H8H4) If, instead of allowing Hi to take an 
path, Ha H4, we constrain it to move only along the line ah early traced, whi] 
Ti traces out a new line, TaT4, then the negative area w;!! be ml and tb 



F10, Or-^NSTRAXNBD MOTION OF OnB BnP, Hi, OF THB BaB, Ti Hi# 

l^uct (f xn) Vdll eiqual Ihl area, TiTaT4 H4 H^ If this motion be oon^ 
tinned, Hj being always kept in the path, H;|H4Hi, until T; H^ occupies 
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its initial positioni the product {I x n) will equal the area, T 1T8T4T1, what- 
ever be tne nature of the line, Hi H4 Hs. Also, for the whole motion 
^ =s 0, so that the circumferential travel of the wheel at is equal 
to n, and is entirely independent of the value of Now, in Amsler’s 
planimeten the point, Hi, is constrained to move in the arc of a circle, 
while the pencil, Ti, is traced round the contour of the required area. 
This is simply a limitation of the more general and previous case, and, it is 
clearly shown by Fig. 10, where ^the points. Hi, Hj, Hs, &c., move^to and 
fro along the arc of the circle whose radius is P Hi, whilst thS tracing 
point, TI describes the figure, TiTaT8T4, back to Ti. 
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Fio. 10.— End, Hi, of Arm, Ti Hi, is Constratnbd to Move along 
THE Aro of a Circle. 


Also, the wheel whose travel is measured, is placed away from the centre 
of the bar ; in fact, on the opposite side of hi], but, as we have seen, its 
position, so long as its centre is on the line, Ti Hi," is quite immaterial, for 
Its motion in the aggregate is the same as if it were placed at R]. 

In the planimeter the length, is capable of variation. By setting 
it differently, the same graduation on the wheel will give areas in different 
units, the unit of area being always I x the circumferential travel of the 
wheel required to alter its reading by unity. 

Those who are anxious to now study the mathematical proofs, as well as 
popular explanations of this and other kinds of integrators may consult : — 
(1) British AsaadcUion Reports^ 1872, p. 401, for Sir Frederic Bram well’s 


paper. 


J2) The Philosophical Maa^hie, vol. xlviii., 4th series, July, 1874, for a 
w)er by Sir F. P. Purvis, Wh.So., Ac., now at Japan University. 

13) Jrtw. Inst, 0,R,, vol. Ixxxiii., 1885, for paper on ** Mechanical 
Integrators,” by Prof* Hele Shaw, of Liverpool University. 

^(4) ProG, Inst, Jsmor Engineers, Deo., 1902^* for Mr. W* J. Tennant’s 
papei^on “ The Planimeter Explained without Mathematics/* 
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LsanmB XTL— Qusbstiohs. 

1* Sketch in section and plan Watt’s original indicator. “ Describe the 
instrument '*and show how it was applied to obtain the mean pressu^ 
in a steam cylinder. 

2. Sketch and describe concisely the Crosby indicator. Point out how 
and why it differs from other indicators with which you are acquainted. 

3. Brfl^r the normal indicator diagram of a condensing engine, and trace 
the changes in outline produced by the principal causes which may, in 
practice, detract from the efficiency of the engine. 

4. Describe and sketch any one form of steam engine indicator with 
which ^ou are acquainted. Why are modem indicators made more rapid 
in their natural vibrations and what means are taken to effect this object 7 
What sort of errors do we expect to find when an engine-driver takes dia- 
grams, and what are they due to? (S. & A., 1897> Adv.) 

6. The barrel of an indicator is 2 inches in diameter, and it vibrates 
through 2 of a revolution. The area of the diagram is 3| square inches, 
and the motion of the pencil is 3 times that of the indicator piston. 
Taking the mean pressure of steam to be 17^ lbs. per square incn, find 
what mrce corresponds to a motion of 1 inch of the spring. Ana. 67*5 lbs. 
nearly. • 

6. Sketch and describe an indicator for an engine of 250 revolutions per 
minute. Why are its requirements different from those for an engine 
running at 80 revolutions per minute ? Show how it is connected up and 
how a diagram is taken. (S. & A., 1898, H., Fart i.) 

7. Enumerate the several errors to which indicators are liable. Why 
should the inertia of the moving parts of an indicator be a minimum ? 

8. Sketch and describe the several methods of obtaining the reduced 
motion of the piston when taking indicator cards. State which you 
consider to be the best arrangements for giving good results, and why ? 

9. Give a clear, concise description of how you would take the inaicator 
diagram of an engine, giving the necessary sketches to illustrate your 
answer. How would you attach the indicator to the engine cylinder, and 
why? 

10. A non-condensing engine is using steam at 42 lbs. per square inch 
above the atmosphere — the length of the stroke is 3 feet, and steam is out 
off at i stroke~-draw an approximate diagram (scale marking points of 
release and compression, and showing the direction of motion of the piston 
by arrows. Find, by calculation, the mean pressure. Ana, 24*9 lbs. 

11. Draw indicator diagrams as commonly given in a double-acting 
engine, (1) of the condensing type, (2) when non-condensing. 

12. Draw the ordinary indicator diagrams as obtained (1) from the top, 
(2) from the bottom of the cylinder oi a single-acting condensing engine, 
and account for the difference in form of the respective diagrams. 

13. Show effects of wire-drawing and of clearance upon an indicator 
diagram. What is the object of a steam-jacket ? In what way does the 
absence of the jacket affect the indicator diagram ? 

14. Show by sketches and explain the effects on an indicator diagram of 
(1) deficiency of lead ; (2) deficiency of outside lap ; (3) contracted long 
steam passages; (4) initial condensation; (5) lei^y admission valves; 
<6) lea^ piston ; (7) too much inside lap ; (8) leaky condenser. 

15. &p1ain and indicate on sej^rate diagrams, by comparison with the^ 
normal indicator diagraim the effect of (1) wire drawing on the admis^oo 
of steam, (2) wire-di^wing on the exhaust side, (3) a leaky slide->valve» 
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(4) a leaky piston^ (6) the cushion pressure exceeding the pressuJ^«WS^ 
initial steam. In the last case, how is the area of the dia^am calculate 
Further, if the dimensions of the parts and proportions of the^ slide-valve 
are correct, but (a) the fixing of the valve on the valve-spindle is incorrect^ 
(6) the angle of advance of the eccentric is too small, and (c) the angle of 
advance of the eccentric is too great, what would be the effect separately 
of {a), (6), (c) on the working ot the engine, and show their effect on the 
indicator diagram. (S. & A., 1897, Hons.) ™ 

16. Suppose you took an indicator dia^am from a high sp^d engine 

going at 400 revolutions per minute and found the admission and the 
expansion line to be an up and down wavy line like Fig. 8 in this lecture. 
To what would you attribute this defect, and what would you do in order 
to obtain a smooth firm outline? ^ ^ ^ • 

17. Explain the operation of combining the indicator diagrams of work 
done in a compound cylinder engine, the object being to produce the 
diagram which would have been obtained if the steam had performed the 
same work by going through the same changes of pressure and volume in 
one cylinder. 

18. A compound condensing engine with cranks at right angles has 
cylinders of 20 inches and 35 inches diameter with 3 feet stroke. The 
high-pressure cylinder has a clearance of t’o and the low-pressure one 
of of the volume of their respective cylinders Dry saturated steam 
of 100 lbs. absolute is admitted to the high-pressure cylinder and is cut 
off at 4 stroke, whilst the cut-off in the low-pressure cylinder is at 4 stroke. 
Let both cylinders be well jacketed and the vacuum 28 inches. Draw the 
probable indicator diagrams and find the mean pressure in each cylinder. 
Plot down a combined diagram with the probable correct position of the 
saturation curve and attach a scale of pressures and volumes to your figure. 

19. In a single acting engine it is necessary to take one indicator 
diagram from above and another from below the piston. Sketch each 
diagram in juxtaposition so as to form a single compound diagram, and 
ex]^in generally the reasons for the different outlines of the diagrams. 
To what cause do you attribute the space between the diagrams ? 

20. How would you ascertain from an indicator diagram the probable 
percentage of condensed steam at cut-off and during expansion ? 

21. State and indicate, by a scale diagram with an example, why it is 
preferable to estimate the per cent, gain in B.T.U. per I.H.r rather than 
the per cent, gain in feed- water or steam used per I.H.P. Analyse 
Jamieson’s formula given in this lecture, and state the conclusions of the 
InBt.O.E. Committee. 

22. ^ Show by two diagrams the effects of supplying a simple non-con- 
densing engine (1) with dry saturated steam ; (2) with highly superheated 
steam. State whereby the economy chiefly arises in the latter case. 

23. What is a^ planimeter, and what are its uses ? Sketch an Amsler’s 
planimeter and give a descriptive index of its parts showing how it is used 
to ascertain the area and the mean pressure of an indicator diagram. 

24. How would you use an Amsler planimeter to find the m^n pressure 
of a loraed diagram ? 

25. Give a concise, clear explanation with figures of how Amsler’s 
planimeter measures the area of a diagram of work. 

26. Sketch an indicator dia^m such as might be expected from a non- 

condensing engine with a slide-valve. If the weight of water present 
during cushioning is known, and the feed water per hour is also known, 
show now we find how much condensation or evaporation occurs dvrinff 
the expansion. (B. of E., 1900, Adv.) ^ ^ * 
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the oonetruotion of an indicator and how it is used. 


Olvo 


a sketch of a specimen indicator diagram from a steam, gas, or oil engine, 
and describe what each part means* What sort of information is given to 
us by an indicator diagram ? (B. of 1903, Adv.) 

28. Sketch a typical indicator diagram for an en^ne in which the cut-ofi 
takes place at one-third the stroke by a single slide-valve worked by an 
f^eocenmc. Make a sketch of the section of the cylinder showing the valve 
in its middle position, and sketch also th^ connections between the valve 
and cranK axle. (C. & G., 1903, 0., Sec. 0.) 

2^. State what data you require in order to construct a mean diagram 
showing the amount of steam missing at any point of the stroke of a steam 
engine. Point out precisely what assumptions you make, and sketch the 
diamm.* (C. & G., 1903, H., Sec. B.) 

A compound condensing engine, with cranks at right angles and an 
intermediate receiver, has c^inders of 14 and 24 inches diameter respec- 
tively, each with a stroke of 36 inches. Draw the indicator diagrams 
which you would expect to obtain fiom the cylinders supposing steam of 
90 lbs. absolute pressure is admitted to the high-pressure cylinder and is 
cut off at half-stroke, the steam in the low-pressure cylinder being cut off 
at § stroke, and the condenser showing a back pressure of 4 lbs. absolute. 
Attach a scale of inches and xjounds to your diagram. 

31. Suppose that you started with an old ** steam eater” of an engine of 
the Tum'Cmdenbing^ unlagged type, using ordinary saturated steam of 20 
lbs. absolute, running at 50 revolutions per minute, cutting off at | stroke, 
with a clearance of i of piston’s displacement ; and found, 'by indi- 
cator cards, that it was using 100 lbs, ot steam per I.H.P.-hour. If you 
applied to this engine the following improvements in succession, you would 
probably find the consumption of steam reduced by about the stated 
amounts. Calculate the percentage diminution in steam which each im- 
provement makes upon the previous case, and as a whole upon the enmne. 
State clearly the several percentage savings in the form of a table. Plot 
out curves with percentages as ordinates, and lbs. of steam used per 
I.H.P.-hour as abscissae. Mention any omitted improvements and their 
percentage values. 

Lbs. of Steam 


(1) Lag cylmder and valve casing, . 

(2) Increase pressure to 65 lbs. absolute and 

cut-off i stroke, 

(3) Increased speed to 100 revs, per minute, 

(4) Reduced clearance to ^ of piston’s displace- 

ment, employing Corliss or drop- valve gear, 

(5) Condensing, — ^Next adopt condensing with 

2 lbs. back pressure, .... 

(6) Steam Jacketing , — Next steam jacket the 

engine thoroughly, 

(7) Compounding, — Next increase the initial 

pressure to 100 lbs. and adopt compound 
condensing to the best advantage, . 

(8) Increased speed. — ^Increase the r,p,m. to 300, 

(9) Triple Increase steam pressure 

to 150 lbs per square inch, and use triple 

expansion, 

(10) Buperheat the steam of the 

previous case by 15(P F. , and use re-heating, 


per 1.11 P.-hour. 
when you use 80 


75 

» 

70 

i» 

60 

}* 

40 

If 

30 

9* 

25 

11 

20 

tt 

15 

»9 
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LECTURE XVII 


CoNTBKTS.— Nominal and Indicated Hoi so Power— Rule for finding the 
Indicated Horse Power of tan Engine — Formula for finding the Mean 
Fressuie— Biako Horse Power — Prony Biako oi Absorption Dyna- 
mometer — Society of Aits Hope Dynamometer —Advantages of the 
Rope Btake— Tests of Small Engines with the Rope Brake — Questions. 

Jfiorse-Power. — The unit of power which is universally 'adopted 
by mechanical engineers in this country is that which was 
proposed and used by Watt — viz., the horse-power. 

The steam engines introduced by Watt, were employed to a 
large extent in doing work which had formerly been done by 
horses, and hence it became necessary for him to be able to state 
the number of horses to which his engine would be equivalent in 

E ower. Watt estimated the power of the stron^st London 
orses as about equal to that required to raise 33,000 lbs, one 
foot high in one minute, and he adopted this as his standard of 
power. This estimate, however, is too large, the average power 
of a horse being only about 22,000 foot-pounds* per minute, but 
Watt seems to have been desirous that his engines should exceed, 
rather than fall short of, their nominal power. 

What is, therefore, technically spoken of among engineers as 
a hoTserpower, is the rate of doing work corresponding to 33,000 
foot-pounds per minute, and the power of steam engines is 
always calculated on this basis. 

Watt found that in his engines, he usually obtained a mean 
pressure of about 7 lbs. per square inch in the cylinder, and he 
estimated the power of his engines by assuming that value for 
the mean pressure. The horse-power thus estimated, he termed 
the nomiruil horse-power, and in practice that power Vas actually 
obtained. When, however, increased steam pressures came 
into general use, the mean pressure of steam in the cylinders 
could no longer be correctly taken as 7 lbs., and the nominal 
horse-power differed largely from the actual horse-power. In 
commerce the term nominal hor^e-power had been so much used, 
that commercial men understo^ the size, and, ^therefore the 
Vfldue, of an engine much better when its nominal horse-power 
was spoken of than its actual power, and, therefore, the term 

* *1110 loot-^und is the unit of work, and is the work done by a force of 
jm pound eoti&g through the spaoe of one foot. 
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wai retfdned for i^nlong timo» mA even yet is stQl used for some 
elfwses of engines^ such as those used for agricultural purposes. 
Hovreveri as unikir competition often takes place between 
different manu&oturerS| owing to the use of this term, it is fiust 
filing into disuse and should be altogether abandoned. 

The actual power exerted in the cylinder of an engine, cannot 
be obtained until we know the actual mean pressure of steam 
in the cylinder. In order to ascertain this, we must take a 
diagram from the cylinder by means of the indicator which was 
described in the last Lecture. The horse-power obtained by 
this mcians is termed the indicated horse-power, and when the 
horse-power of engines is spoken of, it is the indicated horse- 
power (I.H.P.) winch is understood unless otherwise stated. 

The aiagram at p. 229 is taken from a horizontal non-condens- 
ing engine, and from it we wish to find the mean pressure of steam 
in the cylinder. To do this, divide the diagram into ten equal 
parts, by aid of the parallel ruler accompanying the indicator, 
then read dfif the pressures at the centre of each space or division, 
as described at p 151, and shown by the vertical lines in Fig. 
p. 229, W means of the scale corresponding to the indicator 
spring. The sum of these pressures divided by 10 gives the mean 
pressure during one stroke. This is shown worked out on the 
diagram, the mean pressure in this case being 43*5 lbs. per 
square inch. Now the work in foot-pounds done by an engine 
in one minute is = total mean pressure on the piston in lbs. 
X distance in feet travelled by piston in one minute. But one 
horse-power is equal to 33,000 foot-pounds per minute. 

Therefore, the horse-power exerted by an engine is ~ toted 
mean preaatire on the piston in lbs, x distance in feet trwoeUed by 
iihe piston in one minute -r 33,000. 

Let p denote the mean pressure of steam in lbs. per square inch. 

„ A „ the area of the cylinder in square inches.* 

„ L „ the length of the stroke in feet. 

„ N „ the number of strokes per minute = revolutions x 2. 

„ HP,, the horse-power. 

Then, total mean pressure on the piston m lbs. ■= A », 
also, distance in feet travelled by piston in one minute ^ L Iff. 

. •, the horse-power of the engine = 

This formula is easily remembered^ since it may he written so as 
io form the word “ plan,” thus: — Horse-power « plan -s- 33,000. 

* la all oases, the area of the piston-rod has to be taken into account. 
For example, where the pkton-rod comes out at the crank end of tUh 
eyhnderonly, then, dmdi he total area ef cylinder lest half the area Of 
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Applying our formula to find the horse-power of the engine from 
the diagram and data given in it, we get 


HP 


ApLN 

33,000 


153-9 X 43-6 X 2 X 80 

spoo 


32-45. 


The diagram only gives the mean pressure on one sidif of the 
piston; but in practice it ib usual to take the mean of twc 
diagrams— one taken from each end of the cylinder. If there be 
two or more cylinders, the power developed in each ^ has to 
be added together, in order to obtain the total horse-powei;. 

If the student refers to questions 16, 17, 18, and 19 at the 
end of this Lecture, he will observe that he is given in each case 
the pressure of the steam on admission to the cylinder, the 
position of cut-off, amd the hyperbolw or impierymlogtM^^ of thi 
ratio of expansion, as well as the diameter or the area of the 
cylinder, and the length of the stroke; from which, he is expected 
to calculate the net or effective work done in one strSke, or else 
the indicated horse-power when the number of revolutions pei 
minute is stated. Now, as this is a very common form o 
question set in examination papers, and as the solution thereo: 
will aid us in still further explainiim (what has already beer 
referred to at the end of Lecture Xll.), that the area of th< 
calculated or of the actual indicator diagram is a measure of thi 
work done in one stroke, we shall first of all show how thi 
hyperbolic logarithm is to be applied, in order to ascertain tb 
mean total pressure throughout the stroke, on the assumption tha 
ths steam expands according to Boyle's Law, neglecting dea/ramce, 
and secondly, we shall take into account the effect of clearance. 
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Befemng to the last theoretical indicator diagram, AODEB, 
the area of the rectangle, A D, is the product of the pressure 
line, A 0, and the volume line, 0 D, or, A 1, to the point of cut- 
off, and therefore this area, A D, expresses the whole work done 
upon the piiiton by the steam in entering and in occupying that 
part of the cylinder before cut-off t§kes place ; further, since the 
steam *is supposed to expand in accordance with Boyle’s Law 
(pu = a constant), the curved line, BE, is a hyperbolic or 
isothermal curve, and the hyperbolic area, 1 B E B, expresses the 
whole^yroA done by the steam during expansion — ».e., after cut- 
off takes place. This latter area, 1 B E B, and consequently the 
whole work done during expansion, may be calculated by taking 
advantage of the known relations of hyperbolic curve areas to 
their base lines.* 

For, if the base lines 

Al, A2, A4, A8, 

increase in the following geometrical progression, 
as 1, to 2, to 4, to 8, to 

then the successive areas, 

~ IDi, IBj, IBa, 

increase in the following arithmetical progression, 
as — to 1, to 2, to 3, to 

For example:— 

Let the area or volume, AB, up to the point of cut-off, be 
expressed by, 1, and the areas or volumes due to the expansion 
of the steam by the following numbers in geometrical pro- 
gression : — 

1, to 2, to 4, to 8, to 

* On the principle of logarithms, which represent in arithmetical pro- 
gression natural numbers m geometrical progression, tables of hyperbolic 
ioganthms are compiled to facilitate the calculation of the areas of work 
done due to various degrees of exj^sion. The hyperbolic logarithms are 
specially indicated or distinguished from common logarithms m formulas by 
the smidl Greek letter e, thus log.i, and a few of these hyperbolic logarithms 
have been selected and printed (see Index), in order to enable students to 
work any of the ordinary questions. Hyperbolic numbers consist of the 
multiples of common logarithms by 2*302685, which, thus modified, become 
direct expressions of the actual ratio of the whole work done during expan- 
sion (due to different degvees of expansion) to the whole work done by the 
steam before expansion takes place. 


&c., 

d^c., 

&o., 

dca 
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•000, *693, 1-386, 2-079, &e., 

being as 0, to 1, to 2, to ^ 


or in arithmetical progression j therefore, the whole work* done 
by a quantity of steam expanded successively from the initial 
volume, 1, 

being as 1, to 2, to 4, to 8, to &c., 

will be in the proportions of 

1, to 1 + •693 to 1 + 1-386 to 1 + 2*079 to &c,, 
or as 1, to 1*693 to 2*386 to 3*079 to dec. 

Or generally if, r, be the ratio of expansion the wbDle work 
done will be as (1 + log.ir), showing that for an expansion of 
eight times, the initial work done by the steam before cutoff 
takes place, is tripled for that number of expansions by the end 
of the stroke. It is necessary, however, to deduct the work 
spent against the back pressure (due to an imperfect vacuum 
reckoned from the absolute zero or perfect vacuum line), before 
we obtain the net or effective work done by the steam in 
one stroke. 

Another method of reasoning out the foregoing principle 
is as follows (see last figure) : — 


Let F the initial pressure of steam in lbs. on the square 
inch at the cylinder, reckoned from absolute zero 
or perfect vacuum line, or = AO. 

Pm b the mean pressure in lbs. on the square inch through- 
out the stroke, also reckoned from absolute zera 

A a* area of cylinder in square inches. 

L » whole stroke, A B, in feet. 

^ I ^ distance in feet to point of cut-off, or 0 D. 

j n r - ratio of expansion, neglecting clearance. 

QS B any distance from commencement of stroke between 
the limits, x ^ I and a; » L, 
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APi 

Wli 0 work done through any very small space das - — doa. 

v/The whole work done duriiag expansion — from point of 
ontroff to the end of the stroke, or from where a: « ^ to where 
os L ls» • 

By integral oalculus, 

= APHog.,^ = API log.,r, fooWba. 

•*. The whole work done during one stroke, 

=s AP? + AP^ log., r -= A P i (1 + log., r). 

And the total horse-power, if K number of strokes per 
minute, 

• AP/N (1 + log..r) 

33^00 ’ 

The total forward mean pressure, indicated by the vertical 
height, is therefore found by dividing the above whole work 
done during one stroke by the area, A, and by the length of 
the stroke, L, 

A p/ P j P 

or p« » (1 + log.,r) = ^(1 + log.,r) = ^(1 + log.,r). 

And if Pt = the mean back pressure indicated by the vertical 
height, Pm in the last dgure, or by the shaded portion above the 
line, A B ; and p, » the net or elective mean pressure through- 
out the stroke, then — 

P 

p «p«, -p* =* 'j:- (1 + log. ,r) - Pj lbs. on the square inch. 

And the Ket or Effective Horse-power 


« ALN 

These formulm take no account of the wiredrawing of the 
steam between the boiler and the engine, or in the steam poxtPi 
neither have the effectdof clearance, compression, kc», been taken 
into account They must not ther^re be used in determining 


|-(l+log.,r)-p, ■ 
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the si^ of any particular engine^ because large allowances have 
sometimes to be made for these effects in actual practice ; but as 
they are sufficient to solye most of the ordinary questions set in 
examination papers, we shall apply them to three examples in 
order to impress them on the student’s memory, and thus lead 
up to the final formula. i. 

1st. Take the case of p. 148, Watt’s diagram of work. Here 
P ea 1 atmosphere, or say 16 lbs. absolute, for Watt at the time 
of his devising his diagram of work only used steam of atmo- 
spheric pressure, and thus all work was done in his engines at 
that time, solely by means of the vacuum. The ratio of expan- 
sion, 7* ss 5, since steam was cut off at ^ of the stroke, and he 
took no account of back pressure, thus supposing the vacuum to 
be perfect — 

The mean pressure, 

P 15 

+ 1*609). See p. 269 for logs. 

pw « 3 X 2*609 = 7*827 lbs., or *52 of an atmosphere, 

which corresponds with that found by Simpson’s or ordinary 
rule (see p. 1 49). 

2na. Take the case at p. 149, where the pressure of steam 
may also be supposed to be that above a perfect vacuum and no 
back pressure was mentioned. 

P «= 100 lbs. absolute, t* « 4, as steam was cut off at i stroke; 
.*. mean pressure, 


= ?-(! + log. ,r) - (1 + 1-386) 

= 2.5 X 2-386 = 69-66 lbs., 

As against 69*7 lbs. found at p. 160, and 59*9 at p. 161. 

3rd. Let us see what we might have expected the mean for- 
ward pressure to be in the case of the non-condensing Armstrong 
engine, whose indicator diagram is shown at p. 229, and cal- 
culated horse-power at pp. 261, 262, supposing the boiler pressure 
to be known, as well as the back pressure, and neglecting clear- 
ance, The pressure at the boiler is marked 70 lbs. — ».e., above 
the atmosphere, or adding the pressure of the atmosphere 15 lbs, 
we have P « 70 + 15 = 86 lbs. The cut-off is at nearly ^ stroke, 
or r 3, and the back pressure is just 15 lbs., as the exhaust 
lifie coincides exactly with the atmospheric line. It is not usual, 
however, for the exhaust to be so free as this in such engines. 
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The meftn net or effectire pressure is — 

p ai £ (1 + log^r) -pt ^ 1'0986) - 15 

« 28-3 X 2 0986 - 15 - 59-46 - 15 = 44-15 lbs. 

As agcCiuBt 43-5 lbs. marked on the indicator diagram in Lecture 
XVI. 

WiB must now take the effect of clearance into account, in 
order to get a more perfect estimate of the probable mean 
prcssui*e in any case we may have to deal with in practice. 

If the student refers back to Lecture XY., he will see that the 
ratio of expansion, r, as treated above, becomes when we take 
clearance into account, and that 

ri = 

Where, c, the clearance, is considered as the fraction of the whole 
volume of the cylinder to the point of cu1>-oflf. It will, however, 
be more convenient here to consider, e, as an addition to the 
length of the cylinder, the area of this supposed clearance- 
len^h, c, being equal to that of the cylinder, = A, so that 
c X A = volume of clearance,* and therefore the true ratio of 
expansion becomes 

L + c _ length of stroke + cleara nce, 
f + c length to cut-off + clearance^ 

The clearance is shown in the last figure by the distance, c. 

* It is not possible to estimate exactly the volume of the clearance in a 
completed or working engine, unless the valve casing cover be taken off, 
the ^ton brought first to one end of the cylmder, and the volume of water 
required to just fill the clearance spaces at the end between the piston and 
ri|^t up to the valve face be measured, and then the same operation per- 
formed for the other end of cylinder. Of course, it may be circulated 
approximately from the drawings of the engine, or allowed for in calct^tions 
previous to making the drawings. This volume of the combined dearance 
spaces, at one end or the other, is then considered as a fraction or per- 
centage of the whole volume of the piston’s stroke, or it may be regarded 
as equivalent to a fraction, c, of the stroke, L. For if. A, be the seoiional 
area of the (w^der in square feet, then A x L = volume of the cylind<nr’s 
stroke in cubic feei^ and A x e a volume of clearance spaces also in 
cubic feet. 

Hence A (L -i- c) ss whole volume of cylinder, including clearance, 

and A {I + e) s whole volume to point of cut-off, includii^ clearance 

Therefor^ the actual ratio of ezp^mdon, 

■ tk* OMd AbOTIk 


r (1 + c) 
1 + c r 
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reasoinng as before— 

Ilie whoh work done to the point of cut-off » AFIi 
The whoU work done during expansion 




w 


The sum of these two quantities equals the whole work done 
during one whole stroke, and is 


- AP 


I ^ + (Z + c)^log5 pressure. 


The mean forward pressure during the stroke is found, by divid- 
ing this expression by the area of cylinder, A, and by the length 
of the stroke, L, and subtracting the mean back pressure, 

Or 

- P. = P - ^ + «)(log.7^) } - 1»* 

Applying this formula to the last example (see also pp. 229 
and 262), where P = 85 lbs., being 70 lbs. boiler pressure plus 
15 lbs. atmospheric pressure, L = 2 ft., Z = f ft. (as steam was 
out off at 4 stroke), and assuming, c, to be equivalent to of the 
stroke, or *2 ft., wliich is a common allowance, while ^e back 
pressure, p^^lb lbs. (for as we noticed before the exhaust line 
and the atmospheric line agree), we have by substituting these 
known values in the last equation — 


p -42-6 {4 + -86 (log, 2-54)} - 16 
Note.— T he nearest log. to 2 54 in the following table is that of 2*5. 


p -42-6(-§ + -86 X -91629) - 16 = 42-6 x 1-46 - 16 
p 62*05 - 15 » 47*05 lbs., as against 44*45 lbs. 


iby our former formula when not taking clearance into account, 
aMd lui agfonst 43*5 lbs. on the indicator cpxd. But, as we men- 
tion^b^lEbr^ v^ire drawing, &o., reduces the pressure between 
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the boiler mi the cylinder, and on looking at the indicator card 
at p. 229 we observe that the initial pressure on it is marked 65 
lbs., ^ a fidl of 5 lbs., or 13*4 per cent., between the boiler and 
the piston. If we take 65 as the initial pressure, then the total 
pressure, P, becomes 65+15 or 80 lbs., and substituting this 
value in the last formula for the 85 lbs., we get a mean cylinder 
pressure of 43*4 lbs., which is eertadnly a very close approxima* 
tion to the mean cylinder pressure 43*5 lbs., as found from the 
actdal indicator diagram by measurement. It must be admitted, 
however, that this indicaW diagram is an exceptionally good 
one, and corresponds more closely in form than most engine 
diagrams do, to a theoretically perfect diagram. 

It is therefore advisable to be cautious in trusting to this 
formula. It will well repay time spent to draw out to a large 
scale the most probable indicator diagram for any engine that 
we may be designing,*^ bringing to bear any known results for the 
reduction of boiler pressure due to wire drawing under similar • 
conditions, as well as for the effects of clearance, release, and 
compression on the area and on the form of the diagram, so as to 
ascertain the mean pressure, and thereby the horse-power 
graphically, as well as by the formula ; for actual final results as 
found by indicator diagrams have been known to vary 25 per 
cent, from the previous calculated results, when trusting merely 
to the formula and to the supposed boiler pressure. Of course 
such a result might be fairly termed a miscalculation ! 

^ The following Napierian logarithms will facilitate the calcul»> 
tion of mean pressures : — 


HrPBBBOLio os Napibriax Logarithms or Ratios or Expaksiok. 


No. 

Logarithm 

No 

Logarithm 

No 

Logarithm 


Logarithm. 

1 

0 

3*5 

1 ■2527829 

6 

1*7917695 

8*5 


125 

*2231435 

3-75 

1 3217569 

6*25 

1 8325814 

8*76 


1-5 

*4054052 

4 

1*3862943 

65 

1*8718021 

9 


1*76 

*5596157 

4*25 

1*4469189 

6*76 

1*9095425 

mEi 


2 

•6931472 

4*5 

1*6040773 

7 

1*9459100 

9*5 


2*25 

*8109303 

4*75 

1*5581446 

7*26 

1*9810014 

9*76 


2*5 

*9162907 

5 

1*6094379 

7*6 

2*0149030 

10 


2*75 


5*25 

1*6582280 

7*76 

2 0476928 

12 


3 


5*5 

1*7047481 

8 

2*0794414 

15 


8*25 


5*75 

1*7491998 

8*25 

2*1102128 

18 



* The plan of plotting dimams jbo one scale as explained at the en^<^ 
Lecture XTL, should be fouowed in the case of compound engineB. 
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I Brake Horae-poweK»4^It is often advisable, more especially in 
the case of competitive trials of Land and Electric Id^ht Engines, 
to know the actual power given out by an en^e independent 
of the power absorbed in friction, &c., in driving the engine 
itself. In order to ascertain this, it is necessary either to apply 
an absorption or a transmission dynamometer to the £Ly*wheel, 
or to a pulley keyed on the crank or first shaft. The power so 
obtained, is termed the Brake Horse-Power and symbolised by 
the letters B.H.P. 

It IS certainly much more satisfactory to the buyer of an 
engine to know definitely the B H P. of an engine, than either 
the almost obsolete H.H P., or the now more common I.H.P., 
for thereby he knows exactly what power he can get from the 
engine at a certain speed ; and it would be well, both for buyers 
and sellers, if this system of reckoning the power of smaller 
engines was always insisted upon, and a test made before 
acceptance. 

One of the simplest and most easily applied Absorption 
Dynamometers is that known as the Prony Brake, which we 
now illustrate and explain by an actual example of a test made 
by the author. 



Phony Braxf or Absorption Dynamomilter. 


Where W B represrnts Wooden blocks to fit 

D Dium or pulley keyed to 

S „ Dii\ me shaft 

^2 »» lion bmts with ram*B horn nuts to adiust the tiahto 

ness of W B on D ® 

IB ,f Stiff iron bar with 

SB , , Salter’s balance at one end, and 

O W „ Small cou^r weight to balance extra length of I B 

and S B on other side 

AN „ Adjusting nut for Salter’s balance. 


^The Student should also refer to the Authcor^s qf Apx^Ud 

Mwkwidca and Mechanical Bngtneentig^ vol L, for a more oomplete 
treatment this subject. 
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Mbtrod of TASiNO Test FOB Bbakb HoRsis^PowBa. 

1. Adjust position of 0 W until it balances the weight of 1 B, 
A ana S B, with the wooden blocks slack on pulley. 

2. Start machinery and tighten blocks, WB, by ram nuts 
until desired speed is attained, at same time adjusting S B by 
nut, A jV, until a balance is obtained, keeping I B level* 

Note number of revolutions per minute by speed indicator 
and Stress indicated by spring balance. 

II.P. = horse-power developed on brake. 

Where r » horizontal distance from centre of balance to centre 
of shaft S in feet. 

n ^ number of revolutions per minute. 

P = Salter's balance reading, 
o — 

* 33000 “ ® constant 

H.P. = *0001904 X r X n X P. 

Ex. — ^Test recently taken by the author of fast-speed Westing- 
house engine (diameter of cylinder 7-inch, stroke 5-inoh, pressure 
of steam 55 lbs.), with crank shaft coupled direct to an Edison 
dynamo. 

The blocks, W B, were fixed to a fly-wheel of 2 ieet diameter, 
which was 6 inches broad. 

T = 2*5 feetj n = 624; P = 48 lbs. 

H.P. = *0001904 X r X n X P 
.*. H.P. = *0001904 X 2*'5 x 624 x 48 
.*. H.P. « 14*26. 

It is important to note that neither the diameter of the pulley 
nor the pressure of the friction blocks on the same (due to the 
weight of the apparatus, or the tightening of the ram nuts), nor 
the coefficient of friction enter into the formula for obtflwing 
the horse-power. The only data required being the horizontal 
length of lever, v, the pull, P, and the number of revolutions. 

For, let, Pf be the pressure, and, /, the coefficient of friction 
between the ffice of the drum, D, and two brake blocks, W B, 
then the twisting moment, T, tending to turn the brake blocks 
round with the shaft is 

T » ipf X Ti 

Where is the radius df the pulley or drum, D, in feet 
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But tills twisting moment is balanced by tbe pnll on the 
spring balance^ P, multiplied by its leverage, r, 

2 p/r, a= P 7*. 

The angle turned by the pulley or drum, D, per minute 
» 2wn radians, and since the work done by a couple is the 
product of its moment into the angle through which the body 
acted on turns . — 

The work absorbed bji^friction ^ The work done per minute 
in foot-pounds, i e,, 

X 2^71 = Pr X 2wn 


and , •. the H P. = 


Pr X 2ww 
33000 


2-rrnP 

33000 


It is sometimes advisable to add a dash pot to the lever, I B, 
in order to get steady readings of the Salter’s balance or 
weight, P. 

Another very useful and practical form of Prony Brake is 
that shown in the following figure • — * 


1 
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Here the baJance weight and ram nuts are done away ^ith, 
in fhvour of a steel hoop or strap^ 8 H, to which are fltW 
wooden blocks, W B, with spaces of, si^, 2 inches or so inter- 
vening between them, surrounding the flywheel, F W, keyed on 
the crank shaft, S* Clips, 0, made of iron or steel, keep this 
brake strap fair on the flywheel, and thus prevent it from sliding 
to one^iide more than another. 

The engine is started with the adjusting nut, A N, and the 
spiral spring, S S, slack until it i caches the normal speed. The 
nut, AN, IS now giadually tightened, the speed being kept 
constaht and the pointer, P, level , the tension on the Salter’s 
balance, S B, is read off and the calculation made for the B H P. 
exactly as in the tormei example. 

Society of Arts Rope Dynamometer. — ^The jurors for the 
famous gas engine trials, held under the auspices of the 



liOndon Society of Arts” in 1888, were the first to publicly 
use a rope -brake in any extensive senes of competitive 
trials, and hence the general name which has been given to 
this very simple and expellent form of brake. But, rope- 
prakes htd been designed and used prior to these tei^ts by*at 
least four irell-known persons. As will be gathered from the 

18 
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following three sets of figures, this brake consists of an endless * 
flexible rope, doubled ro und a pulley or the flywheel of an enginOi 
and fitted with several shaped wooden distance pieces, in 

order to keep the two parts of the rope uniformly apart and 
also to prevent them slipping off the wheel. These distanos 

E iecps or clips should be secured to the rope by soft copper wire 
icing, drawn in from the outside of the clips and then through the 
centre of the rope, instead of being fastened thereto by nails or screws 
from the inside ; for such latter metal fastenings are liable to part, 
to heat, and, consequently, char the rope The rope should be 
thoroughly stretched and treated with castor oil or grease and black 
lead powder, prior to its being fitted to the wheel and to the clips, 
whenever long and important tests are desired. No further 
lubrication is required, and consequently the first and second 
defects mentioned on a previous page as pertaining to strap-brakes 
are entirely avoided. If large powers are to be demanded from 
a wheel of limited size, then it should have its rim of 1.— J 
section, so that a small stream of water may be played into the 
inside of the hollow part of the rim, which water will help very 
materially by its evaporation to dissipate the heat generated by 
the friction between the brake rope and the outer surface of the 
wheel. The surface of the pulley should be flat instead of rounded, 
in order to get the rope to work perfectly smooth, and a trial run 
of a few hours prior to the special test is advisable, in order to 
bring about a small flat glazed surface on the rope, which glazing 
is materially assisted by the previous application of the black lead 
powder. For anything up to 6 B.H.P. at 1,000 or more feet per 
minute of friction surface speed, the author has found that a 
flexible ship’s log-line about *3 inch in diameter with a double turn 
round the wheel forms an excellent brake rope. From 5 to 10 
B.H.P. a *5-inch diameter manilla rope serves the purpose. From 
10 to 30 B.H.P. a 'fl-inch rope will do, and for 100 to 150 B.H.P, 
(at about 4,000 feet per minute) four turns of 1-inch rope on a 
large 16 feet diameter flywheel runs quite cool, as may be seen 
from the next figures on absorjition dynamometers in this Lecture. 

Advantages of the Rope-Brake. — The author has tested a large 
number and variety of motors with the rope-brake, and he considers 
that it has the following advantages : — 

1. It can be constructed on short notice, from mate|ials always 
at hand, in a factory or workshop, and at little expense. 

2. It is so self-adjusting that very accurate fitting is not required* 

3. It can be put on and taken off the brake-wh^l in a very 
iriiort time. , ' 

4. Being comparatively light and of small bulk, it can be hung 
up on the wall of the testing room, or laid past in a cupboard for 
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5. It requires no attention whatever for lubrication^ if the 
previously mentioned precautions as to treating and fitting the 
same are attended to. 

6. The back pull registered by the spring*balance may be 
rendered very steady and of small amount by properly adjusting 
the weig];^t^ w , prior to the commencement of the recorded brake 
trials. 

7. ^The brake-wheel, if of the proper size, soon attains a 
maximum temperature, so that the radiated heat equals that 
generated by the friction. 

8. It may be used for very small as well as for large powers. 

9. For large powers more and stronger ropes are only required 
on a comparatively larger wheel, and with the water-cooling device 
mentioned in the previous section. The greatest power which 
the author has tested with a rope-brake was an engine of 140 
I.H.P. for five continuous hours. 

Tests of.Small Engines with the Rope-Brake.— Fig. 1 shows 
the arrangement of dead weight and Salter’s balance used by 
the author in testing gas engines, and Fig. 2 the way in which 
he applied two spring balances to the brake rope in case of 
high speed steam engines. The latter plan has, under certain 
circumstances, particular advantages over the former. By 
selecting two spring balances with different periods of oscilla- 
tion, the tendency to jerk or “hunt” may be considerably 
reduced, or even entirely checked.. 

Results or Two Tests with the Rofe-Bbakb. 


Bata. 

"Acme 

Gas Engine" 
by 

Alex Burt & Co , 
Ola^igow. 

"Brown’s 

Botaiy^glne” 

Lang a Sons, 
Jonnstone. 

DiiratioiL of tests in hours, 

4 

6 

Initial gas or steam pressure in lbs. per sq. in. 
above atmosphere, 

150 

95 

Final gas or steam pressure in lbs. per sq. in. 

above atmosphere, 

Badins of brake load in feet, .... 

1 

1*6 

2'771 

2*042 

Mean revolutions per minute. 

154 

574-6 

Mean nett brake load in lbs 

231 

93-2 

Mean 

18*77 

20-8 

Gas in cb. ft or steam in lbs. per B.H.P.-hour, . 

1913 cb. ft. 

87-9 Il». 
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ttxAir Bxsvvni of a Txbjob Hoobs’ Am> a Six Boobs’ Cotmtnroos 
’B.ISJB. TfisvaT AT FuiiL HoewaXi Wobxibo Powsbs 

ALSO, HALF-iK-HOim AT FOLL POWER OF 

THE “AJAX” GLASGOW GAS ENGINE.* 



h 

ih 

.-|s 

Haroh 90, Haul of Six Houn Testa, 

19toep.in. 

ill 

IL 


Flrat 

Second 

Third 

Fourth 

Fifth 

sixth 





Hour. 

Hour, 

Horn, 

Hour, 

Hour, 

Hour, 




1^1 

la-L 

1-9. 

a-e. 

3-4. 

4-3. 

3-6. 


"1 

• 

Reyoltttlons por Minute, . 

173*6 

n 

1803 

176 3 

1761 

175-2 

177-8 

177*6 

m 

Net Broke Load, m lbs., . 
Qas OouBumpaon (Main 

99 

98 

98 

98 

98 

98 

98 

98 

n 

only) in Cubic Feet, per 
Hour, .... 

189*6 

184 

186 

181 

181 

183 

186 

188 

218 

B» ake-Horse-Power, . 

Gas, per Brake -Horse- 

8*84 

91 

91 

8-86 

8-9 

8-84 

8-96 

8*9S 

101 

power, In Oubio Feet, per 








20*4 

21-6 

Hoi^ .... 

Mean EffectiTe Pressure^ In 

21*6 


204 


20-8 


20-6 

Iba, per Square Inch, 
Indicated BErse Power 


... 

... 

... 

... 

... 

... 

63 


from above data, . 


M 

••• 

tee 

... 


... 



Gas, per LH.P., In Oubio 
Feet, per Hour {Ma%n 
only), 

18*9 







17*2 


Mechanloal Efficiency of 










Bi«li»,or|||xl00, 

87*9*/. 

... 


... 

... 

... 

... 

84*2 



* Students who are interested in this subject of testing prime motors by 
absorption and transmission dynamometers, will find complete details of a 
five hours’ continuous test of “Field’s Combined Steam and Hot<Air 
Engine,” as well as illustrated descriptions of “Froude’s Water Dynamo* 
meter,” in Vol. I. ot the author’s Text-Book on Applied Mechamce and 
Mech^ical Engineering, The latter dynamometer may be used for over 
1,000 H.P., and forms a most interesting study of the conversion of work 
into heat. 
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Leoturb XVn.->QuEsnoNS. 

1. Define the horse-power of an engine. Explain the method adopted for 
measuring the work actually done in the steam cylinder of an en^ne« 
Write down the formula by which the horse-power of an engine is obtained. 

2. Having given the indicator diagrams of a steam engine, explain in 

detail how 3 ou would determine the indicated horse-power, and state what 
additional data are required. (C. & G , 1902, 0., Sec. 0.) , 

3. What diameter of cylinder will develop 60 horse-power with a 4-foot 
stroke, io revolutions per minute, and a mean effective steam pressure of 
30 lbs. above tho atmosphere, the engine being non-condensing? Am, 1478. 

4. The diameter of cylinder of non condensing engine is 18 ins., length 
of stroke 2 ft. 6 ms., mean pressure of steam 20 lbs. on sq. in. above the 
atmosphere. Find the number of 1 evolutions per minute when the engine 
develops 27 H.P. Am, = 35 revs, per min. 

6. Having obtained indicator diagrams from a single cylinder engine, 
state particularly, and with the necessary details and fetches, the method 
of obtaining the indicated horse-power. A motion of 1 inch in the pencil of 
the indicator, as due to steam pressure = 20 lbs. on tho sq. inch, what is 
the H,r. at 90 revolutions per minute, if diameter of the piston be 10 
inches, stroke 20 inches, area of diagram 8 sq. inches and length 6 inches ? 
Am, 22*8. ^ 

6. The two cylinders of a locomotive engine are each 17 inches in diameter, 
and the length of stroke is 24 inches, also the driving wheel makes 100 
revolutions per minute, and the mean effective pressure of the steam is 
80 lbs. Find the horse-power. Am, 440*3. 

7. The diameter of the cylindei of an engine being 53 inches, the stroke 
5 feet, and the number of revolutions 30 per minute, find the moan pressure 
of the steam to develop 600 indicated horse power. Am, 29*9. 

8. In a compound cylinder marine engine, the diameter of the high- 
prespre cylinder is 57 inches, and that of the low-pressure cylinder is 
too inches, the stroke of each piston being 2| feet. The mean pressures of 
the steam in the respective cylinders are 26 lbs. and 8J lbs., and I.H.P. is 
1,028 ; find the number of revolutions made in one minute. With what 
view is on engine constructed in the manner pointed out? Am, 46*3. 

9. In a compound cylinder tandem engine the steam is cut off at ^ of the 
stroke in the high-pressure cylinder, the areas of the pistons are as 1 to 3, 
and the diameter of the smaller cylinder is 20 inches ; investigate an 
mepression for the work done in one stroke. Example : Find the horse- 
power of the engine when the initial pressure of the steam is 85 lbs. per 
^uare inch above that of the atmosphere — viz., 15 lbs., the back pressure 
in the large cylinder is 3 lbs. per square inch, and the speed of each piston 
is 300 feet per minute. Am. 278 taken isothermally. 

10. An engine gives 10 indicated horse-power and 7*6 brake horse-power 
for a consumption of 2^ cubic feet of gas per hour. Explain how these 
measurements are made. If the calorific power of 1 cubic foot of the gas 
is 630,000 foot-pounds, what is the efficiency? What is your notion of how 
all the ener^ of 1 cubic foot of gas is disposed of? (S. & A., 1897, Adv.) 

11. JniJgAl pressure of steam 180 lbs. per square inch, back pressure 17 
lbs. per^uaie inch, cut off at one-third of the stroke, area 01 piston 112 

. wiuure inojies, and length of crank 1 foot ; what work is done in one stroke? 
What is the weight of steam used in one stroke if the volume of 1 lb. of 
the steam is 2*51 cubic feet ? If there are 200 strokes per minute, what is 
tub indicated horse-power and what weight of steam is used ^r hour, 
n^luoHng clearance, condensation, and leakage? (B. of E., 1900, Adv.) 
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12. Steam of 160 lbs. per square iuob (absolute) is cut off at one*third the 
stroke, and expands according to the law pv constant. Find the average 
pressure in the forward stroke, using ^uared paper. The back pressure is 
18 lbs. per square inch, what is the effective pressure on the piston ? The 
piston IS 15 inches diameter, crank 1 foot, two strokes in the revolution, 
120 revolutions per minute ; find the work done in one revolution and also 
the horse-power. One lb. of steam of 150 lbs. pressure has a volume 
of 2*978^ cubic feet, what weight of steam is indicated per hour? 
(B. of E., 1902, Adv.) 

13. ^ Steam is out off at one-third the stroke and expands by the law p v 
constant ; find the average pressure in the forward stroke as a fraction of 
Pit the initial pressure. The back pressure is 18 lbs. per square inch, 
together with 10 lbs. per square inch representing the friction of the 
engine. The piston is 15 inches diameter, crank 1 foot, two strokes per 
revolution, 120 revolutions per minute ; find the actual horse-power for 
each of the three values of Pi given in the table below. One lb. of steam 
pressure, has the volume, Vj cubic feet, given in the table; what weight 
of steam, W, is indicated per hour in each case ? Show, on squared paper, 
the probable relationship of W and the horse-power in this engine when pi 
varies but the cut-off of one-third is not altered. 


Pi 

150 

120 

80 


2*987 

3*671 

5*37 


(B. of E., 1902, H., Parti.) 

14. The expected mean steam pressure for an engine, which has to be 
designed, is 41 lbs. per square inch, and the piston speed adopted is 600 
feet a minute : what diameter of cylinder must be adopted to secure an 
effective H.P. of 78? Assume the effective power is 89 per cent, of that 
developed in the cylinder. (C. & G., J902, O., See. 0.) 

15. A steam engine has a cylinder 13 inches m diameter, and a piston 
speed of 650 feet a minute, calculate its probable indicated H. P. from the 
following data as to the steam Boiler pressure 125 lbs. absolute, cut off 
at 18 per cent, of piston stroke, and back pressure 16 lbs. absolute. You 
may neglect compression and release effects, and assume that the clearance 
volume at each end is 24 per cent, of the volume swept by the inston. 
Given log|.6 = 1*609. (C. & G., 1900, H., Sec. B.) 

16. * Ime area of the piston of an engine is 3 square feet, the pressure of 
the steam is 15 lbs. per square inch above the atmosphere on admission, and 
the steam is cut off at 4 of the stroke ; the crank shaft makes 40 revolu- 
tions per minute, and the length of the stroke is 3 feet, find the H.P. (given 
hyp. log. 3 = 1*0986124). Ans. Exhausting at zero pressure = 65*9. 

17. * The cylinder of an engine is 3 feet 6 inches in diameter, the stroke 
is 5 feet, and the steam is cut off at 4 of the stroke. If steam be 
admitted into the cylinder at 45 lbs. pressure, find the work done in one 
stroke (log. 3 = 1*0986124). Ans, 218,061 ft. -lbs. 

18. Steam enters a cylinder at 80 lbs. absolute, and is cut off at 4 of the 
stroke. The diameter of the piston is 40 inches, and the length of stroke 
5 feetr the number of revolutions being 50 per minute. Back pressure 3 lbs. 
absolute, find the horse-power of the engine. Ans. 1,009. 


* See page 280 for solutions* 
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19. The stroke o! a biston is 5 feet, and its diameter Is 4 feet, steam is * 
admitted at 20 lbs. absolute (no back pressure), and is out off at 4 stroke, 
find work done in one stroke. If steam be out off at 1 stroke, and the final 
pressure is required to remain unchanged, what should be the diameter of 
the cylinder in order that the work done may also remain unchanged ? (log 
2 ^ *6981472, log 3 » 1*0986124). Ans. 153,192 ft. -lbs. ; 43*1 ins. 

2D. Explain by a sketch and index, a rope-brake dynamometer. State 
how it is used and enumerate its advantages. ** 


Having frequently found that students experience a difficulty in working 
out 8U(ffi <}ueBtions as Hos. 16 and 17, 1 have thought it advisable*to give 
their solution in full so that they may the more readily understand hew to 
do similar questions. 


Question 16 of Lecture XVII 

Given, A = Aiea of piston = 3 sq ft. = 3 x 144 = 432 sq. ins. 

P = abs. press jier sq. m. = 16 + 15 = 30 lbs. 

f • i. £ i. ir stroke of engine L 3 ft. . 

I = point of cut off s= —Ti — « — = - =5 1 ft. 

' ratio of expansion r 3 

N = No. strokes per nnnute = (revolutions) x 2 s 40 x 2 xs 8(X 
loger = 1*0986124. 

ALn{?(1 +log«r) - pfc. j 

By formula, H.P. = oon/wY ^ 

^ 33000 

Substituting numerical values — 

432 X 3' x 80{?^^ (1 + 1*0986) - o} 


H.P. 


3 

33000 


XX x, _ 432 X 3 X 80 X 10 X 2 0986 ^ 

• 33000 ” 

H B —No value being given, pa, it is assamed as = 0 lbs 


Question i7, Lectsire X VII, 

Given, d = diameter of cylinder = 34 ft. = 42 ina 
22 

/. A = -irra = " X 21 X 21 = 1386 sq. ins. 

P = 45 lbs. (assumed as the total pressure). 

L =: length of stroke s= 5 ft. 
r as ratio of expansion = 3. 

JReqwred^ The work done %n one stroke. 

By formula— 

* P 

Mean presssure = - (1 +lo6e’*) -Pb m lbs per sq. inch. 

No value being given for pb, it u assumed as » 0. 


Work done ss space passed through x force applied. 

p 

„ » L X -(l-Hlog,r)xA. 

Substitilting numerical values— 

^ ^ Work done as fix yx (1+1*0986) X 1,386 

„ » fix 16x2*0986x1,386 

OB loot-lbs. nearly. 
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21« DeEKxdb^ a naetho^ol obtaining ibe brake horae>po^et pf m ongine, 
aiMi atate the advantages to buyer and seller of adopting this method over 
that of nominal or ilodioated horse-power. An engine is making 150 
revolutions per minute^ the diameter of the brake puuey being 4 feet, and 
the pull on &e brake 50- lbs., what is the B.H.P.? Ana, 2*85. 

22. The diameter of a steam cylinder is 8 inches, the stroke of the' 

piston is 18 inches, the number of revolutions per minute is 150, and the 
moan ei^tive pressure of the steam is 35 lbs., find the taking 

w s 3f . Tlie same engine is tested by a brake-pulley on the crank-shaft 
5 feet in diameter, the effective load on the brake being 294 lbs., with a 
radius of ^ feet. Find the brake horse-power, and the working efficiency 
of the engine. Avis. 24 ; 21 ; 87*5 per cent. 

23. ,How would you set about testing an engine ? [Choose either a gas 
or an* oil engine, or a steam engine governed by throttling.] Measuring 
the steam or gas or oil used and the indicated and brake horse-power, what 
sort of results would you expect to obtain for three tests under steady load 
of one of these engines ? It will be well to give a rough notion of the values 
actually obtained in any set of tests which you have seen, or of which you 
have read. (S. & A., 1898, H., Part i.) 

24. Steam at 120 lbs. per square ipch (absolute), cut-off at one-fourth of 
the stroke ; ^expansion curve, p v constant ; back pressure 3 lbs. per square 
inch. Find the average pressure during the stroke, by calculating the 
pressures at a number of places. No cushioning, no clearance, rmease 
exactly at end of stroke. If the piston is 18 inches diameter, the crank 
1 foot, speed 100 revolutions per minute, and the engine double-aoting, what 
is the horse-power? What volume of steam is admitted at eaoh stroke? 
Also, how much per hour? If this steam measures 3 ‘671 cubio feet to the 
lb. , what is the weight of steam required per hour ? If the steam con- 
densed on admission is 40 per cent, of all that is supplied, what is the 
weight of steam required per hour? (S. & A., 1898, Adv.) 

25. With steam at 120 lbs. per square inch (absolute), cut-off at one- 
fourth of the stroke ; expansion curve, p u constant. Back pressure 3 lbs. 
per square inch. No cushioning, no clearance, release exactly at the end 
of the stroke. The piston is 18 inches diameter, crank 1 foot, speed 100 
revolutions per minute, and engine double-acting. If the Napierian 
logarithm of 4 is 1*3863, what is the hypothetical horse-power? What 
vmume of steam is admitted at each stroke? Also, how mooh 
per hour? This steam measures 3*671 cubic feet to the lb. What is 
the weight of steam per hour ? If the steam condensed on admission is 40 

S ir oent. of all that is supplied, what is the weight of steam per hour ? 

epeat this calculation for steam whose initial pressure is 40 lbs. per 
square inch, the volume of 1 lb. being 10*4 cubic feet. Plot water per 
hour, and indicated horse-power, and assume that a straight line connects 
your points. From this, what is the water per hour when there is no 
indicated horse-power? (S. & A., 1898, H., Part i.) 

26. Sketch and describe any good form of steam engme indicator, and 
Explain what ds,ta you require in order to calculate the H.P. of an engine, 
besides the indicator (0. k G., 1900, 0., Sec. 0.) 

27. Take e hypothetical in^cator diagram— no clearance, constant back 
prwnre 17 lbs. per square inch. Let friction of engine be represented by 
10 lbs. pei^uare inch on the piston. Expansion law p v constant. Cut-off 
at one-wird of the stroke. Area of piston 100 square inches, crank 1 foot, 
^ working strokes rar minute. Steam of the following initial pressures 
beiiig adnuttedi find in each case the crank-shaft horse-pou^r, and the 
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weight of indicated steam per ^our. Tabulate the results^ and plot upon * 
squared paper. The following information is given : — 


Absolute pressure of admitted steam, lbs. per sq. in., 

50 

100 

150 

Cubic feet of 1 lb. of admitted steam, 

8*24 

4*3561. 

2*978 


(B. of E., 1901, H., Parti.) 

28. A steam electric generator on three long trials, each with a different 
point of cut-off on steady load, is found to use the following amounts of 
steam per hour for the following amounts of power : — 


Lbs. of steam per hour, . 

4,020 

6,650 

10,800 

indicated horso-power, . 

2 


480 

706 

Kilowatts produced. 

114 

290 

r* 435 


Find the indicated horse-power and the weight of steam used per hour 
when 330 kilowatts are being produced. Find in the fout cases the amounts 
of steam used per Board oi Trade unit (that is, per kilowatt hour). In 
what way does regulation by varying cut-off differ as to economy of steam 
under varying load factors, from regulation by varying the pressure letting 
the cut-off' remain constant? (B. of E., 1901, H., Part i.) 

29. A tost of a small steam motor and its boiler (in which the fuel used 


was petroleum) gave the following results: — (1) Weight of petroleum used 
per hour in boiler, 6 ‘03 lbs.; (2) brake H.P. of motor, 3*75; (3) heating 
value of the petroleum per lb., 20,400 British thermal units; what is the 
thermal efficiency of the whole plant? (C. & G., 1901, 0., Sec. 0.) 

30. The two cylinders of a locomotive are together found to give an 
indicated H.P. of 432, and to require 7,560 lbs. of steam per hour. The 
feed temperature is 60** F. and the boiler temperature 361^ F. Asa u min g 
that the efficiency of the boiler is 71 per cent., how many pounds of coed 
per hour are being burnt in the furnace ? (The total heat in a pound of 
steam above 32® F. = 1,082 + 0*3 t thermal units, where t® is the tempera- 
ture of the steam ; and the total heating value of 1 lb. of the coal used 
ss 12,750 British thermal units.) What is the thermal efficiency of the 
cylinders? (C. & G., 1901, 0., Sec. C.) 

31. Use the common hypothetic indicator diagram; expansion curve 
constant”; no clearance or cushioning. A piston is 1 square foot in 

area, stroke 2 feet, 200 strokes per minute ; find the indicatea horse-power 
if the initial pressure of the steam is 120 lbs. per square inch. Take two 
oases — one in which the cut-off is at half stroke, the otheir in which the 
cut-off is a* one-fifth of the stroke. Tliis steam is initially 3*67 cubic feet 
per Ibt ; find in each case the weight of steam used per hour. It has been 
round by observation that in the fi^tory driven by the engine the number 
of ys^nls of stuff made per hour is 7*81-320, where I is the indicated 
hqrse-power. Find the number of yards for each of your two cases. 
Tabulate your answers. State also the number of yards per lb. of steam in 
each of the coses. (B. of E., 1903, H., Part L) 
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« 32l to testing a double-acting steam engine by a rope brake dynamo* 
meter, the diameter of the fly vwieel was 10 feet, the revolutions 100 per 
minute, the dead load on the break 1,000 lbs., and the mean pull in the 
spring 100 lbs. The stroke of the en^ne was 30 inches, the diameter of 
the piston 15 inches, and the mean effective pressure 41 *2 lbs. per square 
inch. Find the indicated and the brake horse -power, and also the 
mechanical efficiency of the engine. (0. & Gr., 1903, 0., Sec. C.) 

33. Shgw, by means of a diagram, how the proportion of the indicated 
horse-power developed in the respective cylinders of a compound engine 
may ^e varied by altering the point of cut-off in the low-pressure cylinder. 
The ratio of the piston areas of a compound engine is 4 to 1, the initial 
pressure in the high-pressure cylinder being 105 lbs. per square inch 
absolute^ and the back pressure in the low-pressure cylinder 4 lbs. absolute. 
Steam is cut off in both the high- and low-pressure cylinders at *6 of the 
stroke. Find the ratio of the powers developed and also of the initial 
forces on the pistons in the two cylinders. Clearance may be neglected, 
the expansion curve assumed hyperbolic, and the admission and back 
pressures constant throughout. (0. & G., 1903, H., Sec. B.) 
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LBOTURE XVIII. 

C5SOTSOTS.--iAotion of the-Crank— Tangential and Radial Foroes— Diagrams 
of Twisting Moments with Uniform and with Variable Steam Pressure 
on Piston, neglecting as well as taking Account of the Obliquity 
of ^onneoting-rod'~-£)ffect of Inertia of Moving Parts— Case of a 
Horizontal Engine with Connecting-rod of Infinite Length— Example 
J,— Indicator Diagrams as modified by Inertia— Graphic Representa- 
tion of the Inertia— Case of a Horizontal Engine with Connecting-rod 
of ^Finite Length — Exanmle II. — Position of Instantaneous Ams of 
Connecting rod— Crank Effort Diagrams of ** The Thomas Russell 
Enmne” and of a **Triple-Exmnsion Engine” — Crank Effort Diagrams 
of the Quadruple Expansion Five Crank Engines of S.S. **Inchmme * 
— Example 111 —Questions. 

Action of the Crank — Tangential and Radial Forces.— In most 
steam engines the conversion of the reciprocating motion of the 
piston in^o circular motion is effected by means of the crank < 
and conn^ting-rod. 

The turning or tangential force exerted by the connecting-rod 
on the crank varies with the position of the crank itself. Thus, 
when the centre line of the crank coincides with a line drawn 
through the centre of the cylinder and the centre of the crank 
shaft, the crank is said to be at the ^'dead points,” and the 
connecting-rod exerts no rotational effort on it. The crank 
arrives in those positions twice in one revolution, just when on 
the point of reversing the direction of motion of the piston. 
These positions are 0 A and O B in the next diagram. Again, 
when the crank is at an angle of about 90” to the centre line 
through the cylinder and crank shaft, the tangential force is a 
maximum. 

Diagram of Twisting Moments—Keglecting Length of Connecting- 
Kqd. — ^The simplest case is that in whi^ the pressure on the piston is 
ur^orm throu^out the stroke, and the obliquity of the oonneoting-rod 
is neglected. Then the pressure or thrust, Q, on the connecting-rod is 
equal to the total pressure, P, on the piston (see next figure). 

Suppose the crank to be in the position, OCi, then by the parallelogram 
of forces the. thrust, Q, on the connecting-rod may be resolved into two 
com^nents, one, Ci R, acting along the line of the crank and represeni^g 
a radial pressure, R, on the crank-shaft bearing; the other, Oil, acting at 
right angles to 0 Ci, and representing the tangential pressure, T, acting on 
the crank Of course, the whole thrust on enmk-shaft bemring is ^ual 
to the whole pressure on piston. 

Let the angle AO Cl = A QCiO s '.'GiQisD to AO, 

Then the redid pressure, H, or GiR > Q. cos 9, 

And the tangential pressure! T, or GiT sQ.siuA 
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These components may be plotted out separately for every position of the 
orank by curves in the following manner :~Let OOi represent Q, to any 
convenient scale, and lay off to the same scale OfisT-CiT, the tangentiid 
somponent of Q. Then ti is a point on the curve, and 0 <1 measurei ift o 
scale the ta^ential pressure on the crank pin for the pocamon, OGi^f 
the orank. TO find other points on this curve, take any other j^sition of 
the crank and plot off along that hne of the crank the tangential component 
of Q fi>r that position. If we find a number of pomts and join them, they 



Foiar Gubvi&s of Tanorntial Force (T) on Crank Pin, and Radi^^ 
Thruot (R) through Crank, with Unifoi^ Pressure on Pisnw 


AND KbGLSCTING OBLIQUITY OF CONNEOriNG-ROD. 




will be found to he on the circumference of two circles described with 0 to 9(1^ 
and 0 to 270^ as diameters. Similarly, if we lay off 0 ri on the position^ 
OG], of the crank, equal to the radial component of Q, for that position 
of the crank, and do tne same for a number of other positions, we have, bjr 
Joining the pomts, two complete cucles described with OA and OB m 
diameters, representing the radial thrust on the crank-shaft beari^ f£ 
any position of the crank. In the position of the orank taken {$ ~ 4£n twir 
radial and tangential components are equal, and, therefore, n comoidqc 
with ti. These circles are known as ** Polar curves For any othef 
position, 0 Cs, of the crank, the tangential or turning force is g^ven by 0 
whilst fte rachal thrust on the crank shaft is given by 0 r^. 

The ^WntlgNa or turning moment or torque on the orank shaft at any 
pdbtMhis equals the tangential pressure on the crank pin in that position 
tAc kngth gflihs eraiA. 


OBANK'TWlSTlHa HOHBNT8. 
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*Let r radios of orank-pin oirolo or the length of the crank, 

„ 9 a the angle made by the crank with the line of dead points, 
t|e twisting moment == Q r sin d. 

Or, „ „ s Pr sin $ (for in this case P ss Q). 

Since the polar corves, O to 90** and O to 270^ represent the tangential forces 
(P * sin^d), their Talues most be moltiplied by r, the length of the crank, 
in order to find the Twisting Moment at any point ; hot, seeing that, r, 
is constant, the polar curves may be taken to represent the relmve values 
of ^e twisting moments. 

The twisting moments may also be represented by the following diagram, 
in which the horizontal line represents the ^th of the crank, and the height 
of each vertical ordinate gives the tangential force or the twisting moment 
ior that point. To draw the diagram for one stroke of the piston, or one 
half revolution of the crank, lay off a horizontal line equal to the semi- 
circumference of the crank-pin circle, and divide it into 10 equal parts. 
Each division then represents a movement of 180 -t- 10 » 18** of the crank. 




m 


tym. ■ 


reyolutioa of lihe oronk, we hove oaly towd the 
meaai velue of am and multiply it by, P, the total 
mean pressure on the piston. 

Vot an approximate result take the vidue of sin 9 at . 
every 10 degrees of the crank’s movement and divide 
the total bv 18, the number of divisions taken, thus^ 


•.P xi^ = P X -6349! 


(mean pressure). 


Hence, if L » length of stroke = 2 r. 

The work done on the crank in one revolution 
as Total mean pressure x distance passed through, 
38 P X *6349 X 2 vr, 

‘as P X *6349 X 8*1416 x L = 1 9946 PL. 


Sin 

i» 

M 

I* 

Pf 

»» 

If 


during 

a half 

KT 

♦173 

z 

*342 

*600 

40® 

*643 

60“ 

•766 

60“ 

*866 

70: 

*939 

80“ 

*985 

90“ 

1*000 

100“ 

•986 

110“ 

•939 

120“' 

*866 

130“ 

' -766 

140“ 

*643 

160“ 

•600 

160“ 

•324 

170“ 

•173 

180“ 

000 

Total 

11-428 


Which is practically the same thing as 2 P L. But, 
the work done on the piston during one revolution 
ik also equal to 2 PL. Consequently the employ- 
ment of the crank and connectmg lod involves no 
loss of power if we neglect the power absorbed by 
friction due to bearmg surfaces, &o. % 

Noxa -^0 snoh combination of meohamsm aa the crank and eonnectlng-rod can Involw 
alosBof power (neglecting fnotion), aa it would be oontiary to the ** principle of thecon- 
servatioii of energy '* 

^Diagram of Twisting Moments— Taking Account of Length 
of Connecting-ltod.— The next case is that m which the obliquity of 
the connecting-rod is taken into account, 
and the pressure on the piston is supposed 
uniform. In this case, the twisting moment 
is equtd to the total pressure on the pistout^ 



muU%plied ho the distance from the centre 
qf the crank shaft to the poinf where the 
eenfre line of the connecting-rod produced^ 
cuts the line drawn through the centre of 
the crank shaft at right angles to the 
piston's motion. 

Diagram of Twisting Moments— Taking Aooqunt of Length 
OF C0NNE(n?IN0-R0D. 

Noxb tq FidUBi —The pressure along oonneoting-rod and on the orosehead guides 
be foimA giipbioally for any position, thus— 

MPO 8 b P, we presBure on piston to auy eonvement soala 
TneqFytw^ the oireotlon and pressure along connectlns^rod to the same sesla , „ 
the direction and pressure on the lower orosehead to seme asilk^ 


ButPVoos# 
<)r <)008e 


PO 
P 

F 


Aiid^< 

••a. 




tan# 
Pteut 
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T6pov»ild», letOb^the c»ai»»of tbeonoik 8liaibj,iaidOF4ih6 0 «iitr« 
line of tile 0 iigiii 6 ipMBSiig timragb, 0, and the oentie of the (^linder* M 
OG be the jmtm of the oicank, and PC the length of the QOnneeting^Tod* 
Froduoe PC to oat the vertioal through 0 in the point V, and OB 
perpendioolartoP V. Then^ VBO = ^POV;al8o^PVOiaoominijni 
.*• 2 l^ 0 E a ^OPV a 0, the inclination of the oonneeting»rod to 
centre line of engine. 

« 

p 

Kow the twiating moment a Q x OB a — - xOVoos^aPxOV. 

<XMI 0 


Knowing this, we oan readily oonatruot the polar ourvea. Suppose the 
crank m*the ^sition, 0 C, produce the centre line of the conneotmg-rod to 
cut the line OV m V With centre, O, and radius, O V, describe we arc, 
V ^ cutting 00 m t Then, is a point on the tangential pressures or twisting 
moment’s currot and the twisting moment for the position, 0 0, of the crank 
is thus P X 0 1. A similar construction for all the other positions of the 
crank gives all the other pomts, and the complete curve may then be 
described by joining them. We see that the curve is not a cirole aa in the 
last case, but difiers 'therefrom m a marked degree. Now plot off tiie 
twisting mqment at each of the 10 different pmnts by this metl^d on 
the rectangular diagram (page 287) as before, and we get the dotted line 
which shows the new diagram of twisting moments It will be noticed 
that this curve rises more abruptly during the first quarter a revolution, 
and falls fiatter during the second quarter than when the obliquity of 
the connecting-rod is neglected, thus indicating a greater pressure on the 
crank pm durwg the first half of the stroke ; also, the maximum pressure is 
reached before half stroke. 

We oan calculate the several twisting moments in this case without the 
aid of a scale diagram, thus-- 

p 

The pressure Q » , also the angle O C V =s d + 0, 

cos 0 


since OOP 4* OOV b S nght eagles, and 00P + S + #sb 3 right eagles 


* * tangential pressure on crank 
pin = T = Q ’sin {$ + 0) 




oSin(d + 0) 
^ OOS0 • 


•*, the twisting moment » Pr 

Where r sin f » 1 sin #. r being creak redias, ead I the length of oonncotlng-rod. 


It is, however, more tedious to work out the results by this formula than 
by the previous graphic method. 

f tiie end, thus oausmg greater irregularity in the tangential pressure cm the 
^ank, and greater stress on the crosshead guides. Hie pressure mt the 
latter is » G » P»tan 0, as seen from the last figure and the footnote 
Dolow it 

The actual state of things which takes place in praotioe is, however, not 
so easily rmesented, for tiie presenre on the piston is never uniform, but 
falls eway from the point of <mt-off In order, therefore, to construot a 
tru«SL#agram of the twisting moments, we must find the positions of the 

19 
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piston comspondinjg to the various positions of the orank by diamm 
(LeotwO XXyOi and mark these off on the indicator diagram. The swam 
pressure for the several positions of the orank can then be rOad off| and idieir 
values inserted for, P, in the equation P x 0 V or in P r sin (d + <j»)^coB^. 
The curve of twisting moments on the crank due merdy to steam pressure on 
the piston may then be constructed, as shown by the following diagram 





On comparing this curve with the two previous curves, it will be seen 
that between the points, G and B, it falls much lower ; this is due to the 
full of steam pressure durmg expansion The rectangle, A M NB, is of the 
same area as the iigure, AGB, and, therefore, AM represents the mean 
twisting moment due to steam pressure on the piston. 

When the engine has two cylinders having their pistons working on 
separate cranks, the curve of total twisting moments on the orank abaft 
can only be obtained by combining the curves of twisting moments for 
each crank. This is shown in the following figure, which represents 
the combined twisting moments on the orank shaft of an engine with two 
cranks at right angles to each other i — 
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AQB iM tho ciinre of twis^ momontft oti ooe crank, and 
w corve of Indsttiog moments on the other crank 
during one-half revolution, the remaining curves being for the 
other half revolution. To find the total twisting moment at any 
point, o, draw the vertical line ad^ and make ad^ ac •¥ ab 
({.6., the sum of the twisting moments on each crank). By 
fintUng a number of points in this way, the whole curve of total 
twisting moments may be plotted out. 

Effect of Inertia of Moving Farts. — In finding the twisting 
moments by these methods, we have neglected a most important 
effect — ^viz., the variation of effort on the crank shaft due to the 
inertia of the moving parts. Since the piston is brought to rest 
at the end of each stroke, the inertia of the piston, piston-rod, 
crosshead, and connecting-rod, has to be overcome at the begixining 
of each stroke, in order to start the motion, and a portion of the 
energy of the steam is absorbed in doing this; therefore, the 
actual effort on the crank in the first half of the stroke is Zesf 
than that given by the curves. The energy which is imparted 
to the moving parts is, however, given out on the crank during 
the latter part of the stroke, when these moving parts are being 
brought to rest ; therefore, the effort on the crank during the 
second half of the stroke is greater than that shown by the curves. 
On the principle of the conservation of energy this alternate 
acceleration and retardation can neither add to, nor subtract 
from, the total power developed during the stroke. In ordinary 
cases, therefore, the inertia of the moving parts acts as a fiy-wheel 
would do, and tends to equalise the effort on the crank. The 
effect, however, at different parts of the stroke is very interesting 
and instructive, especially when high-initial pressure and a large 
rangje of expansion are adopted, combined* with heavy and quickly- 
moving parts. Allowance may be made for this inertia, if the 
weight of the moving parts and their velocity are known. We 
can make an alteration on the indicator diagram, reducing the 
effective pressure at the beginning of the stroke and increasing 
it at the end. The steam and the inertia stresses can, however, 
be combined, only so &r as some of the effects are concerned. 
They are combing, of course, in their pressure on the crank pin, 
kc., but since the dynamical stresses are not taken up altogether 
by the engipe firaming, provision must be made for transmitting 
them to we en^^ne foundation. These dynamical stressec^ intro- 
duced by arresting the momentum of the moving parts, pi^ace 
a much more serious effect in fost-running en^es than is 
usually supposed. 
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<if Inertia on Moving Parte of a fforhontal Engine wUh OonneeUng* 
Rod of Infinite Length, 


The student should now try to follow the following investigations and 
praotioal examples. 

All reference to trigonometry, co-ordinate geometry, and the differential 
calculus has been dispensed with ; and any student with a knowledge of 
elementary geometrsr and mechanics will, by carefully following the argu- 
ment, grasp this subject sufficiently for all practical purposes. 

It may be well to state that we shall not take into account ofl the 
effects resulting from the conversion of reciprocating into circular motion 
b^ means of a crank and connecting-rod, but only those effects which 
directly influence the propelling force on the piston of the engine,* and 
unless otherwise statea, we shall suppose the engine to be horizontal. 

The first case is that in which the motion of the piston is the same as 
if the engine worked with a connecting-rod 
of infinite length, such as, for example, in 
the common donkey engine arrangement 
where the crank-pin works in a sloited cross- 
head at right angles to the direction of the 
piston’s motion. 

In the figure, let 0 , be the centre of the 
crank shaft, OG, the crank, and, AB, the 
centre line of a horizontal engine of stroke. 
AB. 

From any position of the crank-pin, G, 
dr^ the ordinate, GB, at right angles to 

Then when the crank-pin is at, G, the 
piston has evidently moved a distance, AB, 
and the speed of the piston is always that of the point, B. 

When a point, such as B, moves on a dimeter so as to always be at 
the foot of the ordinate drawn through a uniformly revolving point as, G, 
B, is said to move harmonicaUy with, G. 

We have to find what force must act on the piston at each moment to 
make it move thus harmonically. 

Now a heavy point, G, moving uniformly in a circle, may be supposed 
to have its motion compounded of a harmonic motion in the direction, 
A B, and a harmonic motion in the direction, E F, at right angles to, A B. 
Jfiach of the forces producing these motions taking effect in its own direction, 
irrespective of forces and motions at right angles to it. 

That is. if, B, be a point of equal weight with, G, the force moving, C, 
hoHsontally at any moment is the same as that moving, B, beoauM the 
hoi^IjnM velocity of, G, is always equal to that of, B. The force acting 
1*9^011, C, at any moment makes no difference horizontally. 

resultoot of the vertical and horizontal forces on, C, is the force 
1 eofftpels it to move in a circle, that is, it is equal and opposite to 
B Is obmmonly termed the centrifugal force of, C. 
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Therefore the force on the piston mak^ it move harmonically oUi A 
is ihe hariamkU compomnt -qf the centr^fugcU force the pUton vwM exert 
if ite weight were concentrated at the centre qf the crank-pin and rewdved 
with it. 

If, GO, represents this centrifugal force, then, DO, represents the 
accelerating force when the piston is at, D. 

At the beginning of the stroke, D 0 s A 0. . Erect the perpendioular, 
A M ^ A 0, to represent the aocelerating force when the piston is at, A. 

At half stroke, DO- aero. 

At any intermediate point, the ordinate, D F, intersected by the straight 
line, M 0, equals, DO, the accelerating force for the position, D. 

Frqjtn half-stroke to the end, the acceleration is negative, and the 
ordinates must be measured below the line of abscissae The triangle 
0 B N, equal to, 0 A M, represents the retarding forces. 

The algebraic sum of the two triangles, on the principle of the con- 
servation of energy is zero, because the mass starts from rest and comes 
to rest again. So the inertia merely affects the distribution of power 
during the stroke, not its amount. 

We see that the accelerating force is greatest at the ends of the stroke 
where the motion is slowest, and is nu at half stroke where the motiom 
of the piston is fastest. It is not the velocity, but the rate qf change qf 
velocity which demands the accelerating force. 

We have to find the numerical value of the centrifugal force. 

This is given m all elementary treatises on meohamos as — 

W 

gr r ' 


Where, v, is velocity in feet per second, r, is radius of circle in feet, 
and, mass m units of mass. 

En^neers do not use this notation, for they speak of so many revolutions 
per minute in a circle of so many feet radius, and they measure mass by 
weight. 

W W 

So m ^ ^ ^ being in lbs., and g the acceleration of gravity, 

g oz 

Let N = number of revolutions per minute. 


Then, 


_ W /27rrN\* 
r *“32r*V 60 j 


„ = -000341 WrN» 

This is a well-known formula for the centrifugal force of a body. 

We are now in a position to correct the indicator diagram for any engine, 
and to say how much less the pressure on the crank-pin is, than that on 
the piston at the beginning, and how much greater at the end of the 
stroke. * 

EzAHPUB L— -The stroke of an engine with a slotted orosshead is 4 feet, 
the diameter of the ^linder is 20 inches. The effective pressure is 40 lbs. 
at the befi^nning and 20 lbs. at the end of the stroke, the weight of the 
reciprocating mass h 1,256 lbs. What are the pressures on the crank-pin 
at the beinning and end of the stroke, at 50 revolutions per minute? « 
Area of a cylinder 20 inches diameter » 314 square inches. 
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AooelerQ.tiiig fovce at ends of stroke from the previous formula* 

*000341 Wr 19^ s *000341 x 1,256 x 2 x 2,500 « 2,14f lbs. 

Frassure on piston at beginn^ of stroke 314 x 40 » 12,660 lbs. 

Pressure on orank-pin at beginning of stroke 12,560 - 2,141=10,419 lbs. 

Pressure on piston at end of stroke = 314 x 20 = 6,280 lbs. 

Pressure on crank-pin at end of stroke = 6,280 + 2,141 = 8,421 lbs. 

The pressure on the crank pin is thus much more equable than would 
be the case if the parts were not possessed of inertia. 

Suppose it is required to make the pressure at the beginning exactly 
equfld to that at the end of the stroke, the weight of the parts being 
unaltered, but the speed changed What number of revofation^ will 
make the accelerating force at beginning and end of stroke, equal to he^ 
the difference of the greatest and least pressures on the piston ? 

Greatest pressure, . . . = 12,560 lbs. 

Least, = 6,280 lbs. 

Half difference, . . = 3,140 lbs. 

Let, X, be the number of revolutions required. — • 

* Then, *000341 x 1,256 x 2 x = 3,140, whence a; = 60 rev^ nearly. 

Suppose we are restricted to 50 revolutions, but may vary the weight 
of the reciprocating parts to obtain the same result. 

Let, W, be the weight required. 

Then, *000341 x W x 2 x 2,500 = 3,140, .*. W = 1.840 lbs. 

Indicator Diagrams as Modified by Inertia.- To find the pressure 
as modified by the inertia for any pomt of the stroke, take, A B C D £ 
as the indicator diagram of an engine. 
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Then to the seme scale te which, represents initial steam pressnre 
X area of piston, draw, BM and D% to represent acc^eratlng ^roe at 
ends of stroke. Join M and N by the straight line MON* 

Then, M B 0 D N, it the inertia diagram, and, MON, thus becomes the 
yirtnal base of the ngnre, from which pressures are to be measured instead 
of £D» With these heights measured from a horizontal* base line the 
indicator diagram takes the following form : — 


Q 



Previous Indioator Diagram Oorreoted tor Inertia. i 

Suppose by increasing the speed of the engine or the weight of the 
reciprocating parts, the ordinate, EM, becomes equal to, AE, that is, 
the accelerating force is equal to the whole pressure of the steam on the 
piston : then there is no pressure on the crank-pin when the engine is os 
the centre, and as the piston advances the pressure will mdually increase, 
and become excessive towards the end, even with such a comparatively 
early cut off as shown on the diagram in question. The corrected card u 
as follows 



Previous Indicator Diagram Corbeoted for Increased Inertia. 

With very high meds or heavy parts the ordinate, EM, may be 
greater than, E A. The piston will then at the beginning of the stroke 
lag behind the crank, and be dn^ed until the acederation ordinate^ and 
steam ordinate become equal, jl^eed, with an early cut-off the piston 
may drag agaiD at a later period M the stroke, as shown in the ^eEt 
figure. 
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Here the inertia line, MON, outs the steam line at, K, L, and E* 
From, M to K, the pressure is negative, and power represented by area, 



Dtaoram showing Four Shocks in One Stroke of Piston. 

M A K, must be spent on the piston From, K to L, the piston urges the 
engine, doing work on the crank equal to, K B L. From, L to R, the piston 
amin drajgs and absorbs work equal to the loop, LR; and thereafter the 
l&ton drives the engine. The corrected diagram is as follows > 
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ConneetiiiffoFod of Finite Length.— Let, PC, be the conneotioff. 
rod and, C 0, the crank. 

Then at the comm^cement of the ont-stroke from, A to B, the motion 
of the piaton is more ra|>id than in the pure harmonic motion, the travel 
being for a certain position of crank-pin« ADj, instead of, A Di. At the 



Motions or Piston with a Gonneoting-rod or Finite Length. 


beginning of the return stroke from, B to A, the speed is less than for 
harmonic motion, the travel corresponding to the position of crank-pin 
shown being, BTj, instead of, BTi. 

It is plain that the mere raising or lowering the big end of the 
connectii^-rod in a vertical line, will make, P, approach, 0, with a certain 
acceleration. And the force necessary for this, must be added to that 
required for true harmonic motion when the engine is on the * near ’ centre, 
A, and subtracted for the * far ’ centre, B, 

Now, what is this accelerating force? 



Aooelrbatxno Forob at Inner Dead Centre dtte to a 
CONNBO nNQ-ROD OF FINITE LENGTH. 

In the above fig., PA, is the connecting-rod as before. We suppose 
the end, A, to ascend the vertical line, A Ai; then, P, will be drawv to, 
Pi, and, Pi A|, is a position of the connecting-rod. 


m 
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With centra, Ai describe the arc, PG. Now we are only concerned 
with the vclooity of, A, at the moment it leaves the line, PO: what its 
Telocity la afterwards cannot affect the acceleration of, F, at that moment. 

Suppose, therefore^ the point. A, to ascend, A Ai, harmonically with the 
point, G, reyolving uniformly in the circle, P G, with the velocity of the 
crank-p!m Then, obviously, Pj, moves also harmonically with, G, on' 
line, PO. , 

Therefore, when the big end of the connecting-rod leaves the centre line, 
PO, with the said velocity, the acceleratmg force on, P, is the oentri- 
fugu force it would have when moving in a circle with radius equal to 
the connecting-rod, with the velocity of the crank-pm. 

But with a given hnear velocity, the centrifugal force is inverse^ as 
the radius ; therefore, if the connecting-rod is, n, times the length of the 

crank, the accelerating force due to the connecting-rod will be, ^h, that 

due to the crank, and the net accelerating force when the engine is on the 

near centre will be, 1 + -, and when on the far centre, 1 - times that of 
H n 

an engine with pure harmonic motion. 

a Example II. — The reciprocating parts of an engine weigh oii^ ion. The 
stioke is 3 feet 6 inches, and the revolutions 80 per minute. The con- 
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Bm n « 4. XhArefcttQ the a.ooele)Q^tS^g foice on near centre will be<« 
•000041 Wrm 

e -000841 X 8^240 x 1<7S x ^400 x | s 10^700 lbs. 

And on &r centre 10,700 x g =56,420 lbs. 

It is e^ent that the accelerating forces, when the engine is on the 
**dead points,” are by far the most important ; first, because they are 
there Neatest, and secondly, because the motion of the piston changes 
its direction there. 

We may, however, investigate one other point in the inertia diagrami 
viz, :-~that at which the acceleration is nil, or the point where the line 
corresponding to, MON, in the fii^res for an inmiite connecting-rod, 
outs the base Ime. (See fig. on }}revious page). 

Obviously the acceleration is nil when the speed of the piston is ^eatest. 

Let, PiCf, be any wsition of the oQnnecting-rod. Produce, Pi 0, to out 
0 E, in, G. Draw, Pi H, at right angles to, P 0, and produce, 0 0, to 
cuj^ Pi H, in, H. (See fig. on previous page). 

The connecting-rod at any moment is moving about an inatantcmeouB 
am; and every point in it is, of course, moving at right angles to the 
lin^'oining if to this axis. The axis is, therefore, somewhere in tiie line, 
Pi H, and also somewhere in the line, 0 0 H, for, G, is moving at right 
angles to, 00. 

Therefore, H, is the vnatantaneous axis, and the velocities of, Pi and 0, 
are in the ratio, HPi to HC. That is, by similar triangles, the ratio, 
0 G to 0 0. 0 G, therefore represents the velocity of the piston* 

By drawing the length of the connecting rod on a piece of tracing paper 
and applying it to the diagram, keeping, Pi, in the line, P 0, and, 0, in 
the circumference, a position of, Pi, can be found for which, 0 G, is a 
maximum. To find this position of, P, by calculation requires the use 
of the higher mathematics, which is purposely avoided here. 

Take the indicator diagram of an engine as, A B G D £. 



SfippoM the connecting-rod is 4 orahks long, a very common proportioit 
FinoL trial, with a piece of tracing paper, as above, the position, 0. 
of the laston when its v^ity is greatest. With this proportbn o 


soo 
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connecting-rod, 0, will be found at a distance, 00^ from mid-stroke n 
little more than ^ of the half stroke, 0| £. Mark on to the promr scale, 
DM s li times the centrifugal force of a weight equal to that ox recipro- 
cating parts revolving with the crank-pin, ana, D K =: } of that force. 

(If tne connecting-rod were 6 cranks long these amounts would be 
re^ctively H and i of the force). 

Draw a lair curve through, MON, bearing in mind that the triangles, 
MOE, ODN, must be equal in area, representing as they do the same, 
vie vira. Though not mathematically exact, this line, MON, will very 
approximately represent the inertia diagram: and the pressures on the 
crank-pin are measured by vertical lengths, intercepted between, ABC 
and MD N. Placed on a horizontal base, the amended diagram becomes 
the following figure. * 



Corrected Figure for the Previous Diagram. 

It will be seen that a considerable error m the line, MON, will not 
greatly affect the shape of the figure, provided the points, M and N, are 
accurately determined by the method given above. The point, 0, has 
been referred to, not because it is important, but in order to show the 
student that it is unimportant. 

We have hitherto supposed all the reciprocating weights as having the 
same motion as the piston, and as being concentrated at, P or Pi, the 
centre of the orosshe^. This supposition introduces no error into the 
estimation of accelerating forces caused by the motion of the crank 
alone: but in the case of the connecting-rod it will be seen that the 
motion of its cenit'e of gravity caused by moving the **big end” off the 
centre line (see lower fig. on p. 29/), is not the motion m. Pi, towards, 
A, but one-half that amount, supposing the centre of gravity to be at the 
middle of the rod. Therefore, strictly, if, W, be the weight of all purely 
reciprocating parts, such as piston, piston-rod, and crosshead, and, w, 
the weight ot the connecting-rod, the accelerating force on the ceniro 
instead of being 

•000841 (W + w) r N* (l ± 

la, -000841 WrN» (l + -000341 tor 

If instead of being horizontal the engine be vertical, the effect of 
inertia is just the same, but the pressure on the crank-pin will be further 
affected l)y the weight of the reciprocating parts, which must be added 
at every point of the down stroke, and subtracted for the up stroke. 

* In tfhe case of a diagonal engine, the vertical component of the weight 
must he so added or aubtraoteoL 
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Crank Efltort Wagrams.— w* shall now Mptam, hy sld of tits 
fitUowing fienre, how to construct a crank effort diagram, when the 
ohliquUy of the connecting-rod and the varying pressures on the piston are 

fatrAM OAonvinf. ^ 



Scale%z^tlh 


Cbank Effort Curves of “ The Thomas Bussbiii Engine.* 


* Tto front and indicator dliuannia<froin whldi the above crank effort onrve ha 

tak^fhm * ** The%oma 8 ItusseU Experimental Steam Engine In th 
authoi^a laborato^. Tte diameter of the CFlis^^ in** ; langth of itrokees 12 h£, 
length of conneotmg-rod »as ina. ; revolntiona per minnteBs idO. 
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(1) Transfer the indicator diagrams from the cards to a sheet of paper, 
taking care to make them at least 4 inches in length for clearness. 

(2) Borne distance below the redrawn diamms put down a line, AB, 
parallel to the atmospheric line and equal in length to the diagrams. 

(3) Upon A B, as a diameter, draw the crank-pin circle and divide the 
same into any convenient number of equal parts. 

(4) Project each of these points of division vertically upwards, so as to 

cut the indicator diagrams. t 

(0) For the first point to be considered on the crank-pin circle, take that 
which is vertically over the centre of the crank. Measure the pressure on 
the piston (from the indicator diagram) corresponding to this point and 
plot it along the centre lino of the connecting-rod as produced through this 
point 

(6) Resolve this pressure (as plotted along the centre line^of the con- 
neoting-rod) into two forces at right angles to each other — ^viz*, one along 
the crank centre line and the other at right angles to it — i.e., tangentially 
to the crank pin circle. 

(7) Do precisely the same for each of the other positions into which the 
orank-pin circle is divided. 

(8) ^ Produce the several centre lines of the crank for each of these 
positions and plot off on each centre line, from the crank-pin circle, the 
correspondi^ tangential pressure to the same scale as the indicatod 
diagrams. By joining these points the crank effort diagram is obtained. 

(9) To Find the Mean Tangential Presmre Lme— 


Let Pm = Mean pressure on piston (from indicator diagrams), 

„ r = Radius of crank. 

„ Pe = Mean tangential pressure on crank-pin. 

Then Pm x 2r = P, x »r 

t p ___ B ffl X 2 y* 2 Pm Pm 

• ' “ vr - r “ l‘6r 

(10) In drawing the “crank effort curves” for compound, triple, or 
quadruple expansion engines, the several indicator diagrams have to be 
reduced to one scale, as explained in Lecture XYX. Then, the several 
steam pressures (for the several positions assumed on the crank-pin circle), 
in the case of the intermediate ana low-pressure cylinders, must be multiplied 
by the ratios of the areas of those cylinders with respect to the area of the 
high-pressure cylinder hefore resolving their respective piston pressures 
along the centre lines of the several positions occupied by their co^cting- 
rods. We have been fortunate in securing, for a practical example with 
which to illustrate this case, copies of the indicator diagrams taken on the 
trial trip of a steamer recently built by one of the best Clyde firms. There 
was nothing abnormal about the diagrams; consequently we need not 
reproduce them on the combined diagrams to one scale; from which we 
obtained the following set of “crank effort curves.” The “total crank 
effort curve” is obtained by summing up the pressures on the three-crank 
effoirt curves along the respective radial ordi^tes to the tangential pres- 
snres oijL the crank-pin circle. The “mean crank efi^rt curve *^18 found, as 
^latoed unto (9). The chief data connected with this case is given 
unmOttiateiy below the figure. 
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Katio of expansion, 10 4 

Length of oonneoting-rod = 9 feet. Stroke = 4-6 feet. 

Mean efficiency of steam, op ratio of area of work in oylindep to full 
theoretical diagram, 56 per cent 


Cylinder’s diameter, 

juea, 

Hatio, 

Mean pressures, lbs. per sq. in.. 
Range of temperatures, Fe%., 


HP 

IP. 

LP 

28" 

46" 

ir 

615 ‘8 

1661*9 

4666*6 

1 

280 

7*56 

67*6 

28-2 

9*7 

64*3*’ 

74r 

80*6" 


Steam, 164 lbs* ; Vacuum, 26} ins. ; Receivei 
• Revolutions, 62} per minute. 


ms. ; receivers, 52 and 5 lbs. ; 


Cut-off H.P, 


laP. 

L. 


33} ins. 


LH.P. « 710L.P. 
= 799 1.P. 
« 7e4H.P. 


*9 


ff 

99 


8278 total LH.P, 


04 
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Crank Effort Diagram of the Qnadraple-ExpanBioE Five-Crank 
SnglneB of B.B. ‘‘Inchdnne The illustrated description of these 
ngines is given in Lecture XXIII. The necessary calculations 
v^ith explanations and the drawings from which the accom- 
>anying folding-plate has been directly reproduced by photo- 
graphy were kindly supplied to the author by his old student, 
yir, William C. !Eiorrowman, M.Inst.O.E., General Manager of 
;he Oentral Marine Engineering Works, West Hartlepool, who 
lesigned the arrangement of engines and boilers. 

The following calculations show clearly how the foregoing 
riucational illustrations and descriptions are applied in practice. 
The results thus obtained were highly gratifying to the designer, 
aot only in the even subdivision of the powers derived from 
^he five cylinders, but in the mean crank effort diagram, com- 
parative freedom from stresses and vibration ; but also in the 
unprecedented economy in steam and coal of these engines and 
boilers. {See the facing folding-plate,) 


S.S. “Inchdune” Engines* 


pTdimina/ry Data . — 
Diameter of cylinders, • 
Length of stroke, . 
Diameter of piston-rods, . 
Length of connecting-rod, 


17, 24, 34, 42, 42 inches. 
. . . 42 „ 

feet. 


Boiler pressure = 265 lbs. by gauge, or 280 lbs absolute. 
Vacuum by gauge, » 27 inches. 


Methxii of Cahulating Inertia amd Oravitatmg Effect of the 
Eeciprocahflug Pa/rta — viz., piston, piston-rod and | connecting- 
rod. (The crank-pin, webs, and ^ connecting-rod are supposed 
to balance each other.) 

Inertia effect for an infinite 1 _ We® _ _ (2^ x N)® 

connecting-rod i pr “ p (60)® x 32*2 

(2flrN)® 4 x 22 x 22x100* 

** * 32-2 X 60®*” 7 X 7 X 32-2 x 60* 

II ,, * 3*4056. 

Ifhen W « 1 ton (weight of reciprocating parts), 
r 1 foot radius of ciank-pin circle. 

N « 100 revolutions per minute. 

^ V » velocity of crank-pin in feet per second. 



CRANK EFFORT DUCRAMa. 
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Correction of inertia If Inertia effect for an infinite con- 
effeot for finite rod J I necting-rod x constant. 

o /« . «*cos2^ + 8in*d 

tf n « 3'40d6 X cos ^ 

(w8-sin2^)l 

When =s angle made by crank with line of stroke. 

Z » length of connecting feet in feet. 

T = length of crank in feet. 

^ _ length of connecting rod _ I 

. ~ length of crank ” r‘ 

But, as inertia effect increases directly as W, r, and N®, 

. .Axr N2 \ . 


±/(Wxrx-^)=±/x a 


constant. 


T . 1 * length of iconnectmg-rod I 7 5 . 

In this ca*e, w = — n — 5 r = - « *= 4 * 286 . 

’ length of crank r 1 76 

N = revolutions per minute « 70. 



1 = length of connecting-rod = 7 
r = radius of crank = 1*76 feet. 

Then, 

Inertia effect = ±y(Wr 


„ „ =±/(w*xl76x 

Hence, Total effect of J > 

inertia and gravita- V = ±y’{Wxl-75x 
^tion, F j ^ 

99 

„ » -t/(Wx1-76x 


70 X 70 \ 
lOO x lOOA 


(Fpr down stroke.) 

. 70x70 \ „ 

loox iooy“ 

(For up stroke.) 


Total Inwto^ndatayttotlon 


+ (/x •8a(W)± ■067 
±(/x -fleOljt 1-108 
±(/x 1-2827) ±1487 
±{/x 1-2640) ±1-408 
± (/ X 1-3834) ± 1 690 




CfiAirK Effort Dii!&RAMS for No. 1 Cylinder of S.S. Inchdune 


306 


XiBOTURE XVIXI. 
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* It will be seen for this column that, for the same position of the piston, the combined inertia and gravitation effect for tiie 
stroke is the same as for the dotm stroke, but with the signs changed. 





Obank Effort Diagrams for No. 1 Cylinder op S.S. “ Inchdunb” during the Up Stroke. 
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EfFectiye leverage, L, of ) . J 

crank at angle & j — r sin ^ 


1 + 


rcos & 


kjl^ - sin' 




When, 6 = angle of crank with line of stroke. 

r = length of crank in feet. * 

And • I = length of connecting-rod in feet. 

Travel of piston, T, from commencement of stroke when crank 
is at an angle d = r(l - cos ± ^ sin^ 6, ^ 


Down stroke ; — 

Total inertia and ) _ _ 
gravitation effect, F j 


N2 \ 

Wr— W W 

( 100 ) 2 ^+ 


„ = +/(-9669 X 1-76 X + -9669. 

„ „ = +/x -8205-1- *9569. 

TJp stroke : — 

Total inertia and 1 - /•/t 

gravitation effect, F j “ 


f ^ ^ - W 
‘^^( 100 ) 2 ; 


F/(-i 


9669 X 1*75 X 


70x70 

100 X 100. 


i)- 


9669, 


+/x *8205 --9569. 


Tijr . . ^ V Total T M during down stroke 

Mean turning moment, | ^ 

T M, in inch-tons for > , 


No. 1 cylinder ) 


36 

2066-87 + 1408-702 


36 


3475-572 

36 


= 96-544 inch-tons. 


Note. — ^P iston-rbd areas have been deducted in working up 
the mean pressures of the indicator cards. 

Mew ttpri^g moment,! I.H.P. x 33,000 x 12 

^bm LH.P. / 2,240 x 2 ^ x revolutions per min.* 



MiAir TOBmxra mohbstb, 


S09 


Tabui SBOvnre xbs IH.P., Miak Tvbhino Moioinw vob Baoh Cbahk, 
Ain> VHX Toxaus ik>b xhe S.S. “Inobdcni.’* 


Cylinder 

Number 

• 

Indicated 

Uorse-Power, 

IH£. 

Mean Turning Moment, 
TM, fiom 

I.HP 

Moan Tui niiig Moment, 
TM,fiom 
above Calculation. 

J 

240 

96*516 

96 541 

2 

236 


94 337 

3 

252 


101*399 

4v 

263 


106 132 

Ma 

27b 

111 798 

111*866 

Total, . 

1,269 

510 328 

510 278 


Percentage diffetence between 
mean J)arning moments 


} 


(510-328- 510-278) X 


100 

510 32g* 


= *009 per cent, error. 


Example III. — What is the effect of inertia and gravitation on 
the reciprocating parts of a vertical engine having a stroke of 
42 inches, connecting-rod equal 4 cranks, weight of recipro- 
cating parts 2 tons, position of crank from commencement of 
down stroke 30®, revolutions per minute 72! 




-4'1465 tonse 
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' Lbotuee XVIIL— Quebtiobs. 

1* In a double-acting engine the mean pressure on the piston Ui 4 tons 
and the len^h of the stroke 18 inches, what is the mean pressure n^hich 
can be taken from the rim of the fly-wheel^ the estimated diameter of 
which is 8 feet ? Ana, 1069 lbs. (al^ut). 

2. The crank of a steam engine is 2 feet long, and the mean tragentuu 
force acting upon it is 17,000 lbs., what is the mean pressure of the steam 
upon the piston of the engine during each stroke ? Ana, 26703*6 lbs. 

3. ^ a direct-acting engine the diameter of the cylinder is 17 inches, and 
the mean pressure of the steam 60 lbs., the crank being 12 inches long, what 
is the mean pressure on crank in the direction of its motion T Ana, 8,070 lbs. 

4. Explain the manner in which the reciprocating motion uf the piston 
in a looomotiye engine is converted into the rotatory motion of the crank 
shaft. ^ What are the dead points? Show by the principle of work that 
there is no loss of power by the mtervention of the crank, friction being 
disregarded. 

6. Explain the method of representing in a diagram, the work done 
p during one revolution of the crank of an engine by setting off ordinates 
representing the tangential efforts on the crank pin. 

6. In a direct-acting engine the crank and connecting-rod are as 1 to 6. 
Find an eimression for the tangential pressure on the crank pin in anv 
position. Construct an approximate diatom of work done upon the crank 
during the stroke, and give a sketch of the same, (1) when there is a single 
cylinaer, and (2) when there are two cylinders working cranks at ri^t 
angles. 

7* In a horizontal direct-acting engine you are required to find an 
expression for the tangential force upon the crank pin in any given position 
of the crank. Exampe —The lengths of the crank and conneomg-r^ being 
1 and 6 respectively, and the pressure on the steam piston being 2,000 lbs., 
estimate the tangential force on the crank when m a vertical position. 
Find also the verticid force acting upon the crank, shaft. Ana. 2,000 lbs. ; 
333 lbs. 

8. In a direct-acting horizontal engine the length of the crank 1 foot 
and that of the connecting-rod is 5 feet. When the crank is vertical the 
pressure of the steam on tne piston is 4,000 lbs. ; find the thrust along the 
connecting-rod, and the pressure on the guide bars at that point of the ' 
stroke. Ana. 4082*6 lbs.; 816*5 lbs. 

9. If the ovlinder of a locomotive be 20 inches in diameter with a stroke 
of 2 feet, and the diameter of the driving wheel be 6 feet, find the tractive 
force exerted by the engine for each pound of pressure per square inch on 
the piston. Ana, 66*6 Ibb. 

k 10. Explain the effects of the inertia of the reciprocating parts in a 
iMprocating engine, and taking a particular case, work out a oimik-pin 
■tress diagram. 

11. Draw an indicator diagram of a corliss (or some engine with instan- 
taneous cutoff), in which the cut-off took place at 4 stroke. £Vom this 
oonstruet a diagram of orank effort (1) for a single o^inder engine, (2) lor 
double <^linder engine with cranks at right angles. 

12. ^ In a direct-acting engine, find tiie ratio of the velocity of the crank- 
pin to that of the piston in any given position of the cnmk. 





m 


Id, The erank of oo^uo has a i^ns of 1$ inohos, the connoottoK-rod 


Beyond whoa the orank has passed through an angle ox 30* from the 
dead centre during the forward stroke. Ana, 7 ’66 feet per second. 

14. In a direct*acting horizontal engine, where the conneoting'rod works 
between guides, the connecting-rod is five times as long as the orank, the 
presstA'e on the piston when the crank is yertioal being 1,250 lbs. ; dud the 
thrust on the slide bar, neglecting friction, and indicate the direction in 
which it acts. Does the direction of the thrust change during any part of 
the revolution? .49^.265 lbs. 

15. In a direct-acting engine the crank is 2 feet in length, and the con- 
necting-rod is 8 feet ; find the distance in inches of the piston from the 
middle point of its stroke, when the crank is at 90* from% dead centre. 
Answer this by calculation as well as graphically. Ana, 3*05 inches. 

16. A steam engine with a cylinder of n inches in diameter, receives 
steam at 80 lbs. absolute pressure per square inch, and the out-oif is at J 
of tlio stroke. Find an expression for the diameter of the cylinder of 
another engine with the same stroke and piston speed which develops the 
same horse-power as the first engine, but which cuts ofi the steam ^ 
4 stroke^ What would be the relative maximum stresses on the crank -pni 
and crank -shaft of the two engines when both transmit tiie same power, 
the inertia of the reciprocating parts and the obliquity of the connecting- 
rod being neglected ? 

17. 'S^rhat IS the effect of inertia and gravitation on tho reciprocating 


commencement of up stroko, 30° ; revolutions per minute, 160 ? Plot the 
inertia and leverage diagram for this engine, making the radius of tho 
diagram equal by scale to the calculated contritugal force or inertia effect 
for an infinite connecting-rod acting at the commencement of stroke upon 
the crank-pin. 

«■ = W {( - A £) - 1 } = 3{( -2 6099 X 2-5 X ;j;:) - 1 } 

F ^ - 45*354 tons. 


18. Describe and show graphically how tho force transmitted to the 
crank -pin is affected by the inertia of the moving reciprocating parts in a 
stationary horizontal engine during the forward and backward strokes of 
the piston resxioctively. How is the force afiected by an increase in the 
ratio of expansion of the steam, by the shortness of the connecting-rod, 
and by the momentum of the flywheel ? In a horizontal non-condensing 
engine, whose cylinder is 16 inches diameter, stroke 28 inches, connoctmg- 
rod 5 feet 10 inches in length, making 100 revolutions per minute, and 
working with stoam whose initial gauge pressure is 140 lbs. per square 
inch, when cutting-off takes place at four-tenths of the stroke, what would 
be the pressure on the orosshcad at the beginning and at tho end of the 
s^ke if the weight of the reciprocating parts is 350 lbs. ? and show, by a 
diagram, tho variation in the pressure as the piston makes its forward 
stroke, the effect of the cushioning of the steam at the end of the stroke 
being neglected; expansion as if pi? were constant. (S. A A., 1897, Hons.) 

19. The piston and all that is rigidly connected with it weigh 500 lbs., 
the crank is 1 foot long, and the sp^ 200 revolutions per minute, ^bow, 
on a diagram, the forces which must be exerted at the orosshead during a 
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revolution if there is no steam pressure. Choose a j^ir of indioator disr 
grams, and show how we find the omgram of forces acting at the orosshead. 
Assume an iniuiitely long connecting-rod. (S. ^ A., 1898, H., Part i.) 

20. If, on a piston of 120 square inches in area and weighing with piston- 
rod 290 lbs., there is at a certain instant a pressure of 130 lbs. per sq^uare 
inch on one side more than what there is on the other, and if the piston 
acceleration at that instant is 420 feet per second per second in the direc- 
tion in which the steam is urging the piston, what is the total forced acting 
at the crosshead? If this acceleration occurs when the piston is one- 
quarter of its stroke from one end, assuming an infinitely long connecting- 
rod, how many revolutions per minute is the engine making? The crank 
is 1 foot long. (B. of E., 1900, Adv. and H., Fart i.) 

21. Explain fully the infiuence of the reciprocating parts in modifying 
the effective steam pressure in an engine, and show how to make the cal- 
culations necessary in order to determine the weight of flywheel needed to 
keep the fluctuation of med during one revolution of an engine within 
any chosen limit. (C. & G., 1900, H., Sec. B.) 

22. If the connecting-rod is 5 feet long, and the crank is 1 foot ; 200 
revolutions per minute ; what are the accelerations of the piston when it is 
farthest from and nearest to the crank ? The piston and rod and cross- 
head weigh 330 lbs. Area of piston 120 square inches. At the beginning 
of either the in' or out stroke the pressure is 80 lbs. per square inch on one 
side in excess of what it is on the other. Find the total forces on the 
orosshead in these two cases. (B. of E., 1902, H., Part i.) 

23. Sketch a real probable indioator diagram for a non-condensing 
engine, single cylinder, 18 inches diameter, crank 16 inches, 150 revolu- 
tions per minute, cutting off at about half- stroke, with slide-valve. 
Negiectiog inertia effects, show how we find the turning moment on the 
crank-shaft in every position, and how it usually varies. What effect has 
this change of moment upon the strength of the crank-shaft? (B. of E., 
1902,H.,Tarti.) 

24. Piston 115 square inches in area. At the beginning of either stroke 
there is a difference of pressure of 90 lbs. per square inch on its two sides, 
producing total force in the direction in which the piston is about to move. 
The piston and its rod weigh 410 lbs. The engine makes 130 revolutions 
per minute ; crank 1 foot. Neglecting angularity of connecting-rod-~that 
IS, assuming that the piston has a simple harmonic motion— what is the 
actual force at the crosshead at the beginning of either stroke ? What 
correction must be made when the angularity m the connecting-rod is not 
neglected ; (B. of E., 1903, Adv, and H., Part i.) 

25. Explain what is meant by the ** pressure due to the inertia of the 
reciprocating parts” in a steam engine, and show how it modifies the 
effective crank effort at different points of the stroke. If the revolutions 
per minute are 400 and the mean piston speed 1,200 feet per minute, show 
mat, with a 4 to 1 rod, the maximum inertia pressure is, very approxi- 
mately, fifty times the weight of the reciprocating parts. (C. A G., 1903, 
H., Sec. B.) 



irOVBS ON KBOirOfiB XVttU AND QUESTIONS. 
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LECTURE XIX. 

CoNTJSNTS. — Stationary Land Engines- -Horizontal Non-condensing Steam 
Engine -Horizontal Condensing Steam Engine — Compound Non-con- 
densing Steam Engine with Locomotive Boiler — ^Coupled Compound 
Condensing Engine, with Data re Crosshead, &o. — Questions. , 

Having discussed in the previous eighteen lectures, the 'early 
history of fixed engines up to the beginning of this century, 
the nature of heat and how it is measured, the generation of 
steam, as well as> its action and distribution in non-condensing, 
condensing, compound, and multiple expansion engines, we now 
enter upon the description of a few selected examples of land 
engines, and of a combined engine with boiler, which Ifave proved 
to bo of good design and workmanship for their purposes. 

Within the last eighty years there have been, and there are at 
present in use, a multitude of styles and types of engines, each 
more or less specially adapted for different classes of work, such 
as pumping water from mines, raising water for the supply of 
towns, draining lands, blowing air into smelting furnaces, 
driving agricultural machinery, steam cranes, and such like, 
all of which it is impracticable to treat of fully in this work ; 
for it is impossible in the few remaining lectures at our 
disposal to do more than indicate the general design with 
some of the more important details, of Ihe various examples 
which we have selected. In some instances, we shall give the 
actual specifications from which the engines were made, as we 
know from our own experience, that an apprentice or young 
engineer (unless he is particularly fortunate and happens to be 
in the drawing office) has little or no chance of perusing and 
studying specifications, for these things are, as a rule, carefully 
locked past and treated as private by the heads of firms. 
We shall also have occasion to devote two lectures to the rise 
ai^d progress of the Marine Engine, and part of another to that 
of the Ijooomotive Engine. 

In^tbf present lecture we shall describe three styles of fixed 
OIL stationary horizontal land engines, designed by Messrs. 
Mi^uyhall, Sons Oo., Limited, of Gainsborough, which firm 
a high reputation for excellence of workmanwp and design, 
}lm>hght about by many years of experience and constant atten- 
' tion special requirements and to small details. 
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Honzontfi} Non-condensing Engine — llie form of engine 
wMoh IS illustrated above, is specially adapted for driving 
small vrorks, or dynamo machinery, where economy of coal ana 
of water is not of the first or of vital consideration, but where 
imiform speed, freedom firom breakdown, and simplicity of oon- 
sl^uc^on are of great consequence It is usually made in fiises 
vaiying firom 86 to 108 indicated horse-power, and supplied with 
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steam from an ordinary Lancashire boiler (see Index), or from 
a boiler of the multitubular locomotive type (see index), at a 
pressure of 40 to 80 lbs.,, according to ciroumstances. As 
the general construction of this engine is very similar to that 
of the non-condensing parts in the next set of illustrations, of 
which we shall give a complete descriptive specification, we 
need only refer the student to the figure on the last page and 
the index of parts. 

HoriBontal Condensing Engine.-—This style of engine is much 
used to drive fiustories and engine works, where a uniform speed 
is necessary, and where it is advisable to economise fuel by^ con- 
densing the steam and returning the feed water warm to the 
boiler, but where the condensing water is of good quality admit- 
ting of the adoption of the jet condenser. It virtually consists 
of the engine previously illustrated with the addition of a con- 
denser, an air pump, and feed pump. It is also fitted as in the 
* case of the previous engine with Hartnell’s Automatic JRJxpansion 
Gear, which so regulates the cut-off or expansion valve (working 
on the back of the main slide valve), that steam is admitted to 
the cylinder in almost direct propoi^ion to the load to be over- 
come. This ensures an almost perfect uniformity of speed, 
whether many or few of the factory machines are set to work, 
or whether few or many of the electric lights are in circuit when 
these engines are applied to driving dynamos. The construction 
and action of this engine will be best understood by following 
the drawings and specification for one of 80 I.H.P. 

Qmeral Coml/ruction . — ^The engine is erected on a heavy bed- 
plate, BP, of hollow girder pattern, truly planed on the 
underneath surface. This bcd-plate is arranged so as to form at 
one end the front cover for the cylinder, 0, and at the other end 
the main bearing for the crank shaft, 0 S. Sliding surfiices for 
the cross-head, OH, are embodied in the same casting. The 
crank shaft is constructed with a disk crank, D 0, and a pin for 
the attachment of the connecting-rod, 0 R. The outer bearing 
for the crank shaft is on a separate foundation with plummer 
block, P B. Sufficient room is afforded on the crank shaft by 
the side of the fiy-wheel, F W, for the application of a pulley to 
give off the whole or a portion of the power if required. 

The engine in all its parts is of ample strength, for working 
with steam supplied at 80 lbs. pressure, and of developing 80 
indicated horse-power at 70 revolutions per minute, witii a cut- 
off at f stroke, and a mean pressure of 58 lbs. in the cylinder. 
When supplied with dry steam, the average consumption of 
feed water in the form of steam is 25 lbs. an hour per indicated 
horee-power. 




Scalp 
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in the Ictn^tudinal section, the two steam and two exhaust ports 
close to the main slide valves, are marked respectively, S P^, 
BPj,andBP,,EP2. 

Automatic lubricators or oil cups, 0 0 (see general elevation 
and plan), are fixed into the valve casing, Y 0, so as to thoroughly 
lubrmate the working parts of the slide valves, and the oil 
being carried forward with the steam, the piston is thereby also 
lubricated. An efficient drain cock, J 0, for draining the steam 
jacket, and the valve chest as well as drain or pet cocks, P 0, 
for the cylinder barrel are provided. The pylmder is lagged 
with teak, held in position by brass screws. 

StojhYalve Cheat , — The steam stop-valve chest containing the 
stop valve, S Y, which admits steam from the boiler to the slide 
valve casing, Y 0, and steam jacket, S J, is shown in section in 
the cross section of the cylinder. It is bolted to the valve 
casing in a convenient position for draining the main steam pipe, 
S P. The stop valve is a wing valve with a suitable seat, both of 
gun-metal, and is fitted with a brass spindle and screw, kept 
steam tight by a stuffing-box with brass gland and studs. On 
the outer end of the spindle is fixed the stop valve handle or 
wheel, S Y H, whereby the attendant can cut off or admit more 
or less steam at pleasure from the engine. 

PiaUm . — The piston, P, is made of cast-iron, fitted with L, 
shaped cast-iron rings, and steel internal spring to compensate 
for wear. 

P%at(ynrRod , — The piston-rod, P R, and air-pump rod, APR, 
are of steel, the former being 2^ inches diameter. They are 
fixed to the piston by a simple cone and nut. 

Oroaahead , — The crosshead, 0 H, is of the best malleable iron, 
finished bright, and has large adjustable bearing surffioes to 
compensate for wear. It is firmly fixed to the piston-rod, and is 
provided with a steel gudgeon for attaching it to the connecting- 
rod. The crosshead guides are of the circular bored type. 

Corvnacimg-Rod , — The connecting-rod is of wrought-iron 
turned and polished. It is fitted with adjustable brasses at both 
ends as shown. 

Gramk Shaft , — ^The crank shaft is of steel, 5} inches diameter 
at the bearings. A polished cast-iron disk properly counter- 
w^hted and fitted with a steel crank pin, is forced on to one 
eiia of the crank shaft by hydraulic pressure. Tho crank shaft 
is supported by two extra long gun-metal bearings, the crank 
bearing being sustained directly by the engine bed plate, B P, 
while Sie outer one is fitted into a plummer block, P B, placed 
on a separate foundation outside the fiy-wheeL Both bearings 
s^^hjMde a^ustable to follow up the wear. 
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Fhf^hed , — The fly«wheel is of cast iron, 11 feet in diameter, 
and 14 inches wide on the face, with arms of strength propor- 
tionate to the weight of the rim and the stresses brought to bear 
on it while woiking. It is usually turned with the necessary 
curvature on the peripheiy so as to receive a driving belt. The 
boss IS bored out and key-wayed to suit the crank shaft. The 
engine is usually adjusted so that the top part of the fly-wheel 
revolves from the cylinder unless otheiwise specified for. 

Governor and Automatic Expansion Gear , — This arrangement 
consists of (see flrst the general views in this lecture) the 
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governor, G, driven from two governor pulleys, G P, keyed to 
the crank shaft, with two belts from them, GB, to the two 
automatic expansion gear pulleys, A£P, which are keyed to 
the same spindle as the driving pinion, DP (see the accofn- 
panying figure). This pinion, DP, gears with another one 
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keyed to e vertical spindle^ on the other end of which is an 
arrangement for supporting the two governor balls, O B, G B, 
fined to bell crank levers, the whole being rotated along with 
the vertical spindle. The inner ends of the two bell crank 
levers, bear on a strong spiral spring, contained in or above the 
upper extension of the metal tul^ or sleeve, MS. On the 
lower end of this metal sleeve is fixed a double colla^ freely 
engaged by a forked lever, suspended from which is a drag 
link, D L, whose lower end is attached to the expansion valve 
rod. The end of the expansion valve rod engages a die-block, 
D, which may be pulled up or pushed down throughout the 
length of the curved link, L, to the centre of which is attached 
the expansion eccentric rod, whose other end is strapped to 
the expansion eccentric, EE, keye^ in position on the crank 
shaft. 

Oonsequently, whenever the speed of the engine easoeeda the 
normal speed fbr which it has been set to run a^ the two 
governor balls fiy outwards by the extra centrifugal or xangential 
force, compressing the spiral spring lifting the metal sleeve, 
MS, drag link, DL, and expansion valve rod with the die- 
block, D, towards the upper end of the curved link, L, thus 
diminishing the travel of the expansion valve, and cutting off 
the steam earlier from the cylinder , which reduces the power and 
speed of the engine again to the normal. When the speed of the 
engine below the normal, the reverse action takes place, for 
then the tension of the spiral spring overcomes the compressive 
pressure of the bell crank levers, and presses down the metal 
sleeve, drag link, and expansion valve rod with die-block, 
towards the lower end of the curved link, thus increasing the 
travel of the expansion valve, and cutting off the steam later 
from the cylinder ; which increases the power and speed of the 
engine again to the normal In this way, only sufficient steam 
is admitted to the cylinder to develop the power required for 
the load in circuit, and to maintain an approximately uniform 
speed of from 2 to 5 per cent, above or below the normal speed, 
under considerable and frequent variations of load ; and fhrther, 
ste&m is economised by doing so, while the ordinary but less 
precise acting throttle valve arrangement is dispensed with, 
y All the worUng parts of this gear are case-hardened and the 
y pins are of steel. 

\ Feed Pump . — ^The feed force pump, E P, consists of a cast-iron 
" Wrel, truly bored out to a diameter to suit a hollow plunger, 
8 inches in outside diameter, with a stroke of inches. It is 
au]^ed with the neceasa:^ stuffing box, brass-bushed glwd 
am studs, suction and delivery valves with seats, all <»f gun- 
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metal (reapeotiTely connected b; pipes to the condenser hot veil 
and to the boiler as required), and a large cast-iron air yesseL 
The pump is worked by an eccentric, F P E, keyed to the ctank 
shaft along side of the expansion eccentric. 

Ocnd&nwr <md Air Ftwip . — ^The condenser, Oo, consists of a 
strong cast-iron box of ample size, bolted to and resting upon 
a cast-iron sole placed behind the steam cylinder. The cast- 
iron exhaust pipe, EP, joins the exhaust port of the cylinder, 
and the top of the condenser at its centre. Immediately under- 
neath the latter end of the exhaust pipe, and inside the con- 
denser, is fixed a perforated pipe or rose, leading firom the 
ixgection cock, 10, and injection water pipe, IWr, which is 
inches internal diameter. An ordinary horizontal double- 
acting air pump with brass barrel 4f inches internal diameter 
is fixed in the centre of the condenser. This pump which has 
the full stroke of engine, is fitted with a brass plunger and air- 
pump rod^ A P R, 1^ inches diameter, worked direct from the 
back end extension of the piston-rod as shown. India-rubber 
suction and delivery valves with brass seating are fixed at 
each end of the air pump, with a discharge pipe inches 
diameter leading from the delivery valves to the hot weR 
A vacuum gauge, Y G, is fitted to the condenser on the same 
side as the ixyection cock. 

The following table gives the general dimensions, speeds, and 
horse-powers of such engines : — 
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16 
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66 
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Skkciokal Elevatiok— Marshat.i.*s CoMPOum) Engine and Boiler. 
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Oonpotmd Non>Coiideiuda£ Engine an^ type 

of ooQibiiicd and boiler is very complete end compel 

It is, therefore, becoming very popular for drivui^ works and 
electric light machinery, where want of space or other cbroum- 
stances prevent the use of a separate engine and boiler. Steam 
can be raised in this locomotive type of boiler in a very short 
time, and, owing to the large steam space and heating sur&ce, it 
keeps steam amply supplied when the engine is working at fhll 
power throughout a long and continuous run. The following 
descriptive specification is for an engine and boiler developing 
under ordinary circumstances about 50 indicated horse-power, 
by Messrs. Marshall, Sons & Oo., of Gainsborough. 

General ConstrmUon. — ^The engine is of an improved con- 
struction, mounted on a wrought-iron framing, W 1 F, under- 
neath a Locomotive Multitubular Boiler, L B, of large capacity, 
having a steel shell, S S, and a fire-box, F B, of bowling iron. 
The smoke-box, S B, is bolted to the top flanges o{ the high- 
and the low-pressure cylinders, H P 0 and L P 0. The fire-box 
end rests on a neat ash-pan, AP, fitted with a door, D, for 
regulating the draught. The cylinders are steam jacketed, 
and the whole engine is of extra strength throughout to with- 
stand a continuous working steam pressure of 140 lbs. to the 
square inch, developing 48 indicate horse-power, at 155 re- 
volutions per minute. 

Gylindere, — ^The cylinders are of cold blast iron, with the 
working barrels of special hardness, cast separately, and tightly 
forced into the main casting of the steam jacketed cylinders. 
The cylinders are covered with hair felt cased over with sheet 
iron. The high-pressure cylinder, H P 0, is 8 inches diameter, 
and the low-pressure cylinder, L P 0, is 12(1 inches diameter, 
each with a stroke of 14 inches. The slide valves are of the 
same class of iron as the cylinder to insure uniformity of wear. 
The steam chest and jackets are arranged so as to be effectually 
drained in a similar manner to that shown and described in the 
last style of engine, the condensed steam being led away by 
the drain pipe, D P. Steam is admitted to the valve casing, 
V 0, from the boiler by the steam pipe, S P, on (^ning the 
stop valve handle, S V H, and the steam is emitted by the 
exhaust pipe, E P, up the chimney. Oh. • 

P%8t<mey PietonrModsy and Oroeeheade are of precisely the same 
type described in the last style of engine. 

Gtricbs^The guides, G, are of the circular bored type, bolted 
to the C|ri^ders at one end, and to the wroughtdron bridge 
phrie atr ihe other end. It is fitted with the necessary oil 
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0(mne6Hn^Sod$.--^^ ^miectlng*rods, Q B, are of the best 
scrap iroiii tamed aod polished, and fitted with large adjustable 
beamgs at each end. 

Orcim Shc ^ — ^The crank Shaf^ 0 S, is made of steel in one 
pieoe, without weld, and of sufficient length to take on ^e fiy- 
wheel, JB* W, on either end as may be required. It is carried on 
long gun-metal bearings, B 1, B 2, firmly bolted to the wrought* 
iron franfing, WIF. These bearings are made adjustable 
horizontally, to follow up the wear. 

M^-whed . — ^The fiy-wheel, F W, is 5 ft. 6 in. diameter, 9J in. 
widp on fskce. It is constructed exactly in the same way as in 
the last style of engine. 

Governor and Av/tomatio E^spandm Gear are applied precisely 
as in the last style of engine, but to the high-pressure cylinder 
engine only. It is marked, H Q, for Bl!artneirs Governor. 

Feed Pwmp. — A. continuous action force pump, F P, with an ^ 
air vessel, A Y , and worked by an eccentric, E, keyed to the 
crank shaft is bolted to the side of the engine frame. This pump 
plunger, suction, delivery valves and taps are all of gun-metal, 
as well as the check valve, 0 Y, fixed to the side of the boiler, 
and connected to the pump by the copper feed water pipe, F WP. 

BoUer , — The boiler, LB, is of the locomotive multitubular 
type, lagged and cased over with sheet iron the whole length. 
It is of ample capacity for generating and maintaining a con- 
tinuous supply of steam for the engine when developing foil 
power. The internal fire-box is of suitable dimensions for 
burning either coal or wood as fuel, and strongly stayed at the 
ends and sides by screwed stays, and at the top by deep roofing 
stays, B S. All the boiler plates are planed on their edges, and 
riveted together by hydraulic machinery. The longitudinal 
seams are double riveted, and the boiler throughout is of 
sufficient strength to withstand a continuous working pressure 
of 140 lbs. to the square inch. Long gusset stays, GS, are 
riveted between the smoke-box end and the main steel shell, SB* 
There are 36 high pressure lap-welded iron boiler tubes, inches 
external diameter, extending between the fire-box, F B, and the 
wrought-iron smoke-box, S B. This smoke-box is fitted with a 
suitable smoke-box door, S B D, fomished with a strap, hinges 
and faatengrs. The firing door, FD, furnace bars, and man- 
hole, MH, are fitted with external strengthening rings, SB* 
Two spr^ loaded safety valves, S Y, of ample capacity, watei> 
gauges,. W G, W G, with gun-metal fittings, two gauge cooks, 
Cte^ pressure Bourdon |^uge, PO, gun-metal blow-off cock, 
B 0 0, are provided, as well as a fosible plug in the crown of the 
fire-box, and a straight chimney, Oh, of wrought-iron 8 feet long; 
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Indicator Diagrams.— The following set of diagrams were 
taken from engines made in accordance with the foregoing 
specifioation and the working drawings from which the previous 
figures were reduced, where — 

Boiler pressure = 140 lbs. on square inch. 

Diameter of H.P. cyl. * 8 inches. 

Out-off in „ = J stroke. 

Olearance „ == ^ts volume. 

Diameter of L.P. cyL = 12| inches. 

Out-off in „ = J stroke. , ^ 

Olearance „ = ^ts volume. , 

Number of revolutions = 155 per minute. 

The back end is the full line diagram, and the front end the 
dotted line. 


From Uioh-P&sssurb Ctundsb. 



Atmospheric Line. 


The irregular line on admission is caused by the indicator not being 
suited to such a high speed as 155 revolutions per minute. 

V From Low-Pressure Cyundbr. 



The following table gives the general dimensions of oylinderSi 
9y«Wheeli, and the speeds of these engines for different horse- 
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0 

12 
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4 

0 

26 

10 

64 

104 

14 

165 

6 

0 

33 

12 

7 


14 

165 

6 

0 

40 

• 16 

8 

12} 

14 

165 

6 

6 

62 

20 

9 

14 

16 

136 

6 

0 

66 

26 

10 

16 

18 

120 

7 

0 

80 

30 

11 

17* 

18 

120 

7 

0 

96 

40 

13 

21 

24 

90 

8 

0 

130 


ConplSd Compomid Horizonte Fixed Condensing Engine, de- 
signed and constructed by Messrs. Robey & Oo., of Lincoln, and 
fitted with the Richardson & Rowland Patent Automatic Trip 
Expansion Gear. 

Adctpted foT^ <kc. — ^This type of engine, as illustrated, is 
specially designed and adapted for driving electric lighting 
machinery, large factories, millc^ &c., where regularity of speed 
with varying loads, as well as high efficiency in the economy of 
fuel, is necessary. 

JlikLatrations, — ^The illustrations are taken firom the engine 
which was employed in the Electric Light Department of the 
International E:^ibitioi^ Glasgow ^1888), for driving the 
dynamos on the north side. It did its work without a single 
hitch. This engine is now fitted at Messrs. J. k G. ^omson’s, 
of Olydebank, for driving their ship-yard machinery and saw 
mill, <hc. 

Fig. 1 (A), shows a front elevation, (B), plan, and (0), 
end elevation ; Fig. 2, longitudinal and cross sections through 
high-pressure cylinder; Fig. 3, enlarged cross section through 
high-pressure cylinder at steam admission and exhaust valves ; 
and Kg. 4, an improved form of crosshead and gudgeon pin. 

OyUnders and — ^The cylinders, which are both steam- 

jacketed, afe respectively ISi'^and 30"" in diameter, with a stroke 
of 40' Each cylinder is fitted with the trip valve gear, the cut- 
off on the high-pressure cylinder being capable of being varied 
by the governor from nil to three-quarters of the stroke, whilst 
the cut-off on the low-pressure cylinder is variable by hand,*and 
when the engine is running. 
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in order to efficiently drain the interior, and enable the pistons 
to work safely with the least possible amount of clearance. Thej 
are worked by exhaust eccentrics, E.E., upon the horizontal shaft, 
H.8., driving the admission valve gear. 

Action of Admission Valves cmd Governor , — ^Following the action 
of the steam inlet valves from Figs 2 and 3, it will be noticed 
that the admission valves, A.V., are lifted and released by trip 
levers, T.L., actuated by the admission eccentrics, A.E., driven 
by the horizontal shaft, H.S., rotating at the same speed as the 
disc shaft, D.S., and running parallel with the engine-bed. The 
length of time the trip levers are in contact and consequent 
duration of the admission of steam into the cylinder is regulated 
by the governor, G, thus automatically varying the grade ot 
expansion to the work being done. The upper portion of the 
valve spindle, V.S., is u.ttached to an air buffer, A.B., which, 
assisted by a spiral spring, suddenly closes the valves when 
relieved fr^m the trip lever. 

A very precise action of the valve is obtained by this arrange- 
ment, and a very sharp cut-off is consequently insured. To 
prevent the admission valves, A,V,, being forced down too 
suddenly upon their seats, 8, the usual air cushion is formed 
and i^sg^ted by valves in the air buffer, A.B., which are so 
poiSst^cted that^ while the admission valves close steam-tight, 
, tho)^ yet come upon their seats with checked velocity. The 
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governor Q (1^. 2), i^gulatizig the exlmissioii valves, is one of 
llichardflon^s patent spring governors, which, being relieved of 
all working stress, is so constructed as to give a wide range of 
cutoff wiw very slight variatioiu in speed. It is driven by 
gearing, Gg., from the horizontal shaft, H.8* The admission 
eccentrics, A.E., are so fixed upon the same horizontal shaft, 
H.8.| ba to give a constant lead. When used for electric lighting 
the governor is supplemented by a Richardson-Nevile Patent 
Electric Regulator, E.R., Fig. 2, which enables the engine to be 
controlled by tibe electric current itself, so as to maintain either 
a constant current or a constant E.M.F. with varying loads. 

(the valve gear is also arranged so that the engine can be 
stopped by merely pulling a cord, C, carried to any jpart of the 
mill or mctory, a provision which is invaluable in case of 
accident to life or machinery. 

Framing . — ^The engine-frames or bed-plates are of the most 
solid and substantial character, efficiently resisting the direcf 
thrust and working of the engine, thus securing complete rigidity 
between the cylinder and main bearings, and efficiently ^ing 
up any stresses in the crosshead guides; this design being 
altogether a great improvement upon the original type of girder 
engine as first introduced into this country. The bearings, which 
are extra large, are made in three adjustable parts of !&bbit’s 
metal, fitted with suitable lubricators for continuous running. 

The steam, in passing from the high-pressure cylinder, H.P.C», 
to the low-pressure cylinder, L.P.C. (Fig. 1), enters a receiver, Rp 
which is superheated by a current of high-pressure steam from 
the boiler circulating through a coil of piping placed inside it, 
thus raising the temperature of the steam previous to its admis- 
sion into the low-pressure cylinder. The receiver is, in addition, 
lagged with wood and sheet-iron. The other details need no 
explanation, as they are similar to those of engines previously 
explained. 

urosshead ; How Made and Fitted. — ^The crosshead illustrated 
by Fiff. 4 possesses several important features which are worthy 
of nouce. It is made of malleable iron or of cast-steel, and is 
therefore free from the risk of breaking. The curved sur&ces, 
C*8>f which bear on the guides are of hard cast-iron, as this 
forms the best material for wear. These consist of two plates 
mth proj&ting pins, shown in dotted lines at P, and are further 
secured by the screws, 8, 8, 8, 8. After these curved sur&ces 
are secured ^to their places, the whole is turned up true from a 
mandril fitting into the taper which receives the piston-rod* 
These bearing plates are designedly left without any means of 
adjustment by uie engine-driver, experience having shown that 
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Bobby & Co. *8 Impboybd Cbosshbad Ain> Qudoson Pin. 

when such adjustments exist it is more easy to put a crosshead 
wrong than right. Many crosshead guides have been ruined by 
screws or wedges being improperly tightened by a careless 
driver. Should the crosshead shown by Fig. 4 ever get slack, the 
rubbing surfiuses can be packed out by strips of metal, and the 
exterior again fitted into its place with very little trouble. The 
surfsces are, however, made so large that there is practically no 
wear ; for guides of this proportion have been known to be in 

S rfeot working order at the end of twenty-five years* work. 

16 gudgeon pin, G.P., is a part that has often giv^ trouble, 
fSr these pins have to be made to fit so that they can be taken 
out whiiii ^required. They are therefore liable to get easily loose. 
Many jttethods have been employed to prevent this, but Messrs. 

A Oo. find that shown by Fig. 4 to be the best. Thecross- 
hea#is bored out taper on its two cheeks, the tapers being in 
opiate directions. Into one of these the tapered head of the 
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steel pin» Q«P.| fits, the other end beiM turned parallel and is 
surrounded by a taper steel cotter, C. The cotter is split 
longitudinally, and is forced by the nuts, N. N., tightly into 
the coned hole, and at the same time is equally forced to fit 
tightly upon the pin. It is thus so firmly fixed that it is 
practically solid with the crosshead when the nuts are screwed 
up, whilst, when required to be removed, it comes out wil^ the 
greatest ease. The piston-rod is secured by a cotter into the 
taper neck of the crosshead in the usual way. For the purpose 
of removing it (when the cotter is driven out) the piston-rod is 
provided with a fine thread and a hardened nut, P.N., just 
behind the crosshead. When this nut is screwed up to the cross- 
head the rod is drawn without any difficulty. Without such 
a provision as this, much loss of time and temper is often 
occasioned. 
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liMiFUBX XIX.— QintsnoNBi 

1* Bhcoloin in general terms the difference between ( 1) a simple non-oonden* 
siim enme; (2) a condensing engine; (3) a compound non-condensing engine. 

2. Give fm-bsnd sketches (outnde elevation and plan) of a horisxmtel 
condensing enginci with a complete index of parts, mi &e uses wdl 
as materiids of irhioh each part is composed. 

d. Describe with a sketch the construction of a piston, piston-rod, 
croBshead, and connecting-rod for a horizontal land engine, and show how 
the severm parts are fitted together, and of what materials each part is 
composed, and why. • 

4. Sketch a longitudinal section and cross-section through the cylinder 
of a horizontal condensing jogme with expansion valve. Give a complete 
index of the various parts with the materials of which they are composed. 
Show how the steam passes into and out of the cylmder, and explain how 
l^e piston, mston-rod, and valve spmdles are kept steam tight. 

5. Describe with sketches and ii^x of jiarts a compound non-condensing 
^stationary land engme, as usually fitted underneath a locomotive multi- 
tubular boiler. 

6. What is meant by Automatic Expnsion Gear?” Give the necessary’ 
sketches with index of parts and concise explanation to enable a person 
to understand its complete action, and point out the advantages usualiy 
claimed for it over an ordinary governor and throttle valve. 

7. Construct scales to suit the indicator diagrams given at p. 328 of 
this lecture, and divide the diagrams, as well as plot them down to one 
scale by the * method explained and illustrated m the case of H.MtS. 
BoadkeOy with the three steam expansion curves. Fmd also, the mean 
horse-power developed by each cylmder, and the weight of steam used by 
the engine per horse power hour on the assumption that the steam u 
** dry saturated steam. ” 

8. Describe a homontal factory engine which is to work expansively 
and with condensation. Enumerate the prmcipal parts, and make 
sketches necessary for sbowmg the internal construction 

0^ Sketch a section thiough a compound oyhnder horizontal &ctor> 
engine. Show the valves for &e distribution <» steam, and explain gene 
rafiy the advantages of this form of oonati notion. 
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C0NT9i9TS.-^Sliort Hifltpry and General Description of the CorHss Valve 
En^e— Special Features of the Corliss Cyhnders and Positions of 
the Valves— Different Types of Corliss Valve Gears— Shape and Con- 
struction of Steam and Exhaust Valves— ‘The Original Form of Corliss 
•Tiip Gear— Simultaneous and Belative Movements of the Wrist- 
Plate and Valve Levers— General Description of the Connectiona 
between and Movements oi Eccentric, Wrist-Plate, Valves and 
Governor — Farcot-Corliss Valve Gear — ^Reynolds-Corliss Valve Gear 
—Double Eccentric Gears — ^The Seigrist System of Automatic Luhri- 
nation for Large Engines — Manipulation of the Oil — Cytinder 

• Lubricator — Compound Engine with Automatic Lubnoation— ^iple- 
expaiMion Engi^ with A^matio Lubijg^rion — Results^th 

and with Highly Superheated Steam— Tests of lilMllans Engine with 
Ordinary Steam — Percentage Gain in Steam and m B.T.U. when 
sullied, with Superheated Steam — ^The Willans Central Valve Engine 
— C&itioism of the Farcot Corliss Cylinder and Position of Valves-^ 
Questions 

Short History and General Description of the Corliss Valve 
Engine.! — In the year 1849 an American engineer, Mr. Qt, H. 
Corliss, patented and constructed tSis type of engine*, which still 
bears his name. In 1859 the first engine imported into this 
country from America was set to woik at the Stoney wood Paper 
Works, near Aberdeen, | and the first licencee for the manufac- 
ture of Corliss engines in Great Britain was Mr. Hobert Douglas, 
of Kirkcaldy. The firm of Douglas & Grant have, since 1863, 

*See Lecture XX., continued in Appendix E, with full description of 
Dobson’s Trip Gear and Cole, Marohent & Morley’s Compouna Super- 
heated Steam Engine. 

tNo mention was made of Coihss engines oi valves in eithrr the first 
edition of Prof. Bonkine’s Manual on the Steam Engine^ published by 
Charles Griffin & Co. m 1859, or in John Bourne’s Treatise and his OaU* 
chUm of the Steam Engine up to 1866. The first published explanation in 
this country appears in the T? ansactions qf the Institution of Engmeers and 
Shi^^ildiers in Scotland, vol. vii., 1863 4, by W. Inglis, and again, by the 
same engineer, in the Proc, Inst, M,E. for 1868, m a paper on **The 
CorHss Expansion Valve Gear for Stationary Engines.” Also, see The 
Steam Engine, by D. E. Clark, vol iii., Blackie & Son, 1890 ; Valves and 
Vedve-Oeoiring, by Charles Hurst, 1902, Charles Griffin A Co. 

4; Whilst writing the above (from the mere recollection of having been 
tt^en as a hoy to see this engine in 1860), I have received a letter, dated 
March 10% 1904, from Mr. A. G. Groundwater, the chief engineer of 
these works, in which he says — **l have much pleasure in informing you 
that the late Mr. A G. Pirie (head partner) brought the first Corliss stmm 
engine from America to this country and started it here in 1869. It was called 
.the * Yankee,’ and it worked continuously for 82 years, driving part of the 
works until we got larger engined, when it was not thrown away, but con- 
nected np for driving our dectrical installation, and is now mnning as 
sweetly ss ever**’ Forty four years at work in a place where everything^ls 
of the best is a very good testimoniaL 
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made many horizontal mill engines with the latest up-to-date 
improTementa in Corliss valve gear for all parts of the world. 

The distinctive feature of this engine lies solely in the distri- 
bution and the special method of working its valves. Many of 
the most eminent British engineers showed a decided reluctance 
in believing that any such arrangement could surpass .the 
reciprocating flat slide-valve. But nowadays, some of the finest 
and largest mill engines, where a steady-running, economical 
steam prime mover is desired, as well as a number of the latest, 
most powerful and best Central Station Bngines for JHeptric 
Light and Tramway Power Installations ” are constructed with 
one or other of the manv natented Corliss modifications. 



Pig. 1 — Outbids View oe Fabcot-Cobliss Valve Gbab. 

As will be seen from Figs. 1 to 10, with index to paits, the 
Corliss engine still retains the original and distinctive feature 
of having four, independent, segment-shaped, arc-faced valves, 
placed at or near uhe ends of the steam cylinder, with the 
peculiar method of rocking these over bored-out steam ports, 
and of automatically regulating the speed due to altering the 
point of cut-off by means of the governor. 

stop valve, S V (Figs. 1, 2), is opened, steam from 
the bcilw fills the s^am pipes, SR, SP^, up to the admission 
r j and A V 2 When either of these steam v^ves 
ptat, steam enters one end of the cylinder. 0. «nd 
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foremen forward the piston, F. Daring the return stroke of the 
piston, this steam leaves the bottotu of the same cylinder end by 
the exhaust valve, E V, or E Tg, and its exhaust pipe, E Pj or 
EFg, direct for the condenser if the engine be a simple condens-^ 
ing one, or for the receiver of the next cylinder should it be of 
the compound type.* * 

Special Features of Gofliss Cylinders and Positions of the 
Valves.t-Y-Prom an inspection of Pig. 2, it will be seen : — 

1. That the steam admission valves, AVj and AVg, are 
situated in the cylinder covers, surrounded by the live, fresh 
strain, whereby they are kept as hot as possible. 

2. That a minimum distance exists between the curved 
working surfaces of the valve faces, AV^, AVg, and the inside of 



Fia. 2 .— Longitudinal Vertical SsonoN of Cylinder in Pig. 1. 


Index to Farts for Figs. 1 and 2. 


B Pi, 2 fo^ Steam pipes. 

8 V „ Stop valve. 

AVi, 2 ,> Admission valves. 
C „ Cylinder. 

P , Piston. 

PR Piston-rod. 


C C for Cylinder covers. 
EVi, 2 ,, Exhaust valves. 
EPiyo it Exhaust pipes. 

CS „ Central sole-plate. 
SJ „ Steam jackets. 


* The exhaust valves, E Vj and E V2, should have been placed so as to 
clear the piston at the end of its strokes. But this drawing was made dtreot 
from the original, in which the designer has forgotten, that if one or other 
of the motion-rods for these valves broke it would be awkward for the 
valves. • 

t /See Irulese or end of ih%$ lecture f(yr further eriticiem. — A, J. ^ 
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the oylindei*, 0, aa represented bv the ixmer thiokness of the 
cylinder covers* Further, that the faces of these valves are 
kept up to their working surfaces by the pressure of the steam 
upon the backs of the former, and the way in which they are 
connected by a rectangular fitted slot to their admission 
valve spindles, A S (Fig. 1) I 

3. That to all intents and purposes, the clearance spaces be« 
ttreen the ends of the piston and the inner faces of the cylinder 
cover can be reduced to a minimum, by good design, workman- 
ship and the necessary cushioning of the exhaust steam. 

4 That the exhaust valves, E and E Vg, are also placed in 
the cylinder covers, but as far away from the steam valves as 
possible. The well-known pernicious cooling effects and waste- 
ful accompanying initial condensation, which is met with in 
ordinary slide valves, due to the colder exhaust passing out by 
the same port and through the same valve as it enter^ by, is 
thus neatly and effectually avoided. ^ , 

5. In the case of horizontal cylinders, any condensation which 
may take place therein, can readily drain down to the exhaust 
ports and be entirely swept out through EP^ or EP 2 during 
each exhaust stroke, from the fact, that the exhaust valves 
are situated at the lower side and extreme ends of these 
cylinders. 

6. That the complete cylinder barrel and its ends are sur- 
rounded with steam jacket spaces, SJ, which may be kept 
always full of live, fresh, hot steam from the boiler, whilst any 
condensation which takes place in these jackets may be easily 
drained off into the condenser hot well by special cooks and 
pipes. 

7. That the cylinder as a whole is fixed to a central sole-plate, 
0 S, so that it can expand or contract moie or less freely to or 
from either end without undergoing very severe stresses due to 
great^ changes of temperature. Such an arrangement should 
perniit of the free use of superheated steam, if the valves did not 

^^warp ” and the working surfaces could be made to withstand 
4isi action. (See Index for Dobson’s Vertical Trip Valves.) 

It will thus be seen, that the cylinder and valves of the Ooriiss 

S ave been designed upon sound scientific principles, with. 

) steam economy. We shall now consider l\pw far the 
r tne valve-motion gear and the governor support this 
^ the same direction. 

Ot Types of Corliss Valve Gears.— These may be> 
under three main types; — 

mihout any or disengaging meohaniSVi 
for 4ihe point of cut-off by means of a governor* In 
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thift hn^Oi aU four *^768 haye a, positive conueotiou with the 
eooeutriO) their travel is eoustaut and the point of cut-off’* U 
invariable. Any governing for speed and load is dgne by a 
governor acting upon an ordinary throttle valve. This kind 
was never much used. 

% Single Eccentric Gears with “ trip ” motion for the front and 
back steam valves. In this case, the two steam valves are so 
rooked by the eccentric’s motion, through its connection with 
the wrist opiate, Ac., against the resistance of springs as to 
unqpver their steam port openings as quickly as possible. 
Their connection with the eccentric is then released by the 
governor, which automatically determines the point of cut-off” 
according to the speed and load. The two exhaust valves are 
worked in the same way as case 1 (see Figs. 1 to 4), and are 
always rocked full open whatever may be the point of cut-off in 
the steam valves or the load on the engine. 

3. Dguhle JSccentric Gears with “ trip ” motion. One eccentrib 
works the two steam valves in the same manner as in case 2, 
whilst another eccentric is devoted to working the two exhaust 
valves. Here the periods of steam, cut-off, exhaust, and cushioning 
may be adjusted before starting the engine by setting the valve 
spindles, driving levers and connecting-rods to the wrist-plate, 
Ac. This type is now the kind most frequently made in this 
country for both large horizontal and vertical engines, as shown 
by the illustration (Fig. 9) of the Eeynolds-Oorliss valve gear on 
the high-pressure cylinder for one of the 5,000 I.H.P. engines 
of the Glasgow Tramways at the Pinkston Central Power 
Station. 

Shape and Construction of Steam and Exhaust Valves.^— As 
will be seen from an inspection of Figs. 2, 3 and 4, both the 



jSftd View, Outside LongUiudinal View. Cross JSnd View. 

through A 

Fig. 3.-~ConLiss Stdam Valvx. 


steam and the exhaust valves are made of cast iron, turned and 
shaped aS indicated by the end views and cross-sections. It wffl 

^ As a rule, illustrationB of Corliss valves and their gears omit to show 
longitudinal and more than one oross-seotion of the steam and exhatmt 
valves, as well as clear indicationaof how the trip action worka Stents 
wSb however, dud detailed drawings'in the Mamine by 

Jordan, and in JSnginefiring for September ISth, 1395^ flUa 



344 


tHQTUBB XX. 


be observed, that examples 3 and 4 are made as light as possible 
consistent with the necessary strength, and that they diner from 
Fig. 2 in^the method of connection to their steel valve spindles. 
Figs. 3 and 4 show slots along their right*hand ends at-YS, to 



Bnd Vtew. OvJMb Irngit^mal View. Crobh seetlen End View, 

through CD. 

Fig. 4.--C0KLISS Exhaust Valve. » 


receive the extended tongue of the valve spindle in the same 
way that the head of a screw bolt is slotted to receive the point 
of the screwdriver. They also have half-circle gutter ways, 
G W, which form self lubricating channels to carry any oil or 
dbndensed steam for the turned end-bearing surfaces. 

The Original Form of GorUss Trip Gear.— As the present-day 
forms of trip gear are somewhat complicated and difiQ.cult to 

understand from a mere 
inspection and descrip- 
tion of drawings, we have 
selected, as a preliminary 
diagrammatic view, the 
original form as devised 
and applied by Mr. 
Corliss, and as described 
by Mr. William Inglis in 
his paper to The Insti- 
tution ot Mechanical 
Engineers. 

Here, a weight, W, is 
attached to the lever, A, 
on the admission valve 
spindle, AS, whoser rook- 
ing lever, BL, is shown 
in gear with the ad- 
mission valve rod, AR, 

^ ^ from the rooking wrist- 

pl^te shown in Figs. 1, 6 and 7. The fixed curved stebl spring, 
BS, keeps the upper end of AR, with its catch part, OP, hard 
against the catch pin at the outer end of RL, until the upper 
bach ourve on 0 P comes into contact with the trip plate, TP* 
Sliould tba speed of the engine increase above the normal, then 
the goyemor bal^s are moved outwards by centrifugal force, 



Flu. 5. — The Origiaal Form of Corliss 
Trip Gear. 
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tbuii pulling the governor rod, G R, forward in the direction 
shown by the arrow (--> to governor). The forcing down of the 
trip plate, T P, by this inoline'd wedge-piece on the under side of 
G ft cautes the trip plate, T P, to come into earlier contact with 
the back of OP, and thus releases A B from the eccentric drive 
soonjsr^in the piston's stroke. This permits the weight, W, to 
fall quickly at first and to close the steam valve sharply, but its 
further mbvement is cushioned or slowed down by means of a 
dash pot, D P, to which the lower end of W is connected. 

In^this simple but effective manner, the governor automatic- 
ally limits the speed of the engine between certain extremes, by 
tripping or releasing or disengaging the wrist-plate motion rod, 
and thus permits the steam valve to cut off steam early, if the 
speed .tends to increase, or late, if the speed has been reduced 
either by an inci eased load or diminished steam pressure. 

Simultaneous and Relative Movements of the Wrist-Plate and^ 
Valve Lgvers. — In Fi^. 6, we have shown an educational 



Pio. 6 . —Motions op the Wrist- Plate and Corliss Steam Valve. 


diagram, bqt not to scale, of the angles through which a wrist- 
plate, W P, and a rocking lever, R L, of an admission valve, 
AV, move simultaneously, due to their being rigidly connected 
by an admission rod, A in order to illustrate how the wrists 
plate modifies the motion of the steam valve, from what it would 
otherwise be, if the admission lever of the latter was conneM;ed< 
direct to the eccentric rod. 
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^ Let 0^ Oj represent the centre line of the irrist^plate, W P, 
when it is in the middle of its rooking motion^ as communicated 
to it by its connection urith the engine eccentric j then, the 
centre line of the valve’s rocking lever, B L, 'will lie along the 
line, 0 ^ 2 , due to the rigid connection, 0^ O^, of the admission 
rod, A B. Now, let the wrist-plate be turned to the r^ht by 
the eccentric’s motion through the angle, 0^ B^, of say 38®, 

then the valve’s rocking lever, B L, will have moved during the 
same time through the Imager angle, Og Og Bg, of say 63*. This 
shows that the valve face was moved quicker through its 
lap + lead + opening of steam port, SP, than it would have been 
moved, had it been connected directly to the eccentric. Again, 
the same quicker motion would have taken place whilst shutting 
the steam port, S P, through the same angle. But, as the wrist* 
plate moves to the left ot the centre line, Oj Oj, of its motion 
^through the same angle of 38® into the position O^Lj, the valve’s 
rooking lever, BL, only moves in the same time tb^ough an 
angle of 33® into the position OgLg. It is thus apparent, that 
the mere introduction of a wrist plate and the judicious selection 
of a good location for the admission-rod pin at 0^ on the wrist- 
plate, W P, will cause a quick opening of the valve for the 
admission of steam to the cylinder, whilst the movement of the 
said valve will be slow when “dwelling” over the rest of its 
ineffective movement. Of course, the introduction of the trip 
motion shuts the steam valve still more quickly than if it 
retained its rigid connection with the wrist-plate throughout its 
whole to-and-&o travel. The Americans thought, at first, that 
it was this very quick cut-off due to the trip gear, which caused 
the extra economy in steam ; but now, that idea is exploded, 
since it is the total area of an indicator diagram which is a 
measure of the work done for a certain weight of steam supplied 
per unit of time. 

General Description of the Connections Between and Move- 
ments of Eccentiic, Wrist-Plate, Valves and Governor. — Prom 
#hat has been said, and by a comparison of Pigs 1 and 7 with 
the index attached to the latter, the student will at once undei^ 
stand from the centre-line connectionB between these several 
parts haw the movements are imparted by the eccentric, to 
the wrist^plate, W P, through the joint at the upper end of the 
radiiMi arm, BA, and hook rod, H B. Also, how the two short 
coimee^iiig-rods, A B^ and A Bg, transmit motion from the wrist- 
opiates, W to the rooking^ levers, B L, of the admission steam 
ya}ves» ATj, AVg. And, in the same way, how the rods, BBg 
do the same for the exhaust valves, BYg and B Vg. 
it KriU be seqn how the governor, O, is oonntoted by 



lin>Ex (xnuMONjro Figs. 7*an3> & 


KOVItlCPtll?^ ov CpiCblM Vil£T8 347 

n * • 



348 


• tEOTUBE XX. 


bell cranks, B C, and governor rods, G B, and trip levers, T L, 
to their respective dash pots, B Pj, D Pg, by their arms. A, and 
to its own dash pot, D Pj. 

It will be evident, how the steam valves A V, and A Vg, 
replace the front and back working edges of the ordinary 
reciprocating slide valve as far as lead, or admission of steaon and 
cut-off to their respective steam ports are concerned. Also, 
how the exhaust valves EVj and EVg take the place of the 
exhaust edges in the ordinary slide valve in determining the 
points of release, exhaust, and cushioning of the steani in a 
cylinder. # 

Forcot-Corliss Valve Gear. — Having mastered the general 
action of the several elements which come into play in regulat- 
ing the admission and exhaust steam, the student will .now be 
prepared to tackle the details of this example of levers and cams 
which serve to actuate the admission valves by special reference 
• to Figs. 1 and 8, The latter figure shows these details by four 
views, which represent the gear for the right-hand admission 
valve, AVg. Here, the rocking lever, R Lg, is mounted loose on 
the projecting boss of the arm, A Ihe lower end of RLg 
carries a trip or catch plate, CP, which is constantly drawn 
towards the admission valve spindle, AS, by a spring. The 
precise position of this spring is shown in the hole opposite to 
the letters C P on the lower left hand figure or sectional plan 
through Pg to centre of AS and then to 0. Upon A S is keyed 
the arm. A, the outer right-hand end of which is connected by 
the vertical rod to a spring contained in its dash pot, D Pg. It 
is this spring which closes the admission valve quickly over its 
steam port, and the dash pot itself cushions or arrests the ending 
of the downward motion. The left-hand end of the arm, A, 
carries a lower catch plate, C P, which engages with the upper 
catch plate, 0 P, connected to lower end of B Lg. Both catch 
plates are clearly seen and marked 0 P on the upper left-hand 
end view of Fig. 8. 

It will now be readily understood how the admission spindle, A S, 
iir auddeu]|v turned and admission valve, A Yg, closed, whenever 
these twol^rdened steel catch plates are disengaged from contact 
with each other. This disengagement is effected by the governor- 
tod, acting through the bell crank, BC, on the two can\ links, OL, 
are fixed to loose cams, and Kg, as shown on the right- 
^l^andk lower section through x.y. Now, looking at the lower 
left-luoid section, it will be seen, that when the projection of 
Jqpmes into contact with the finger Fg, it presses the 
from the centre of AS until the upper catch 
k is freed or disengaged from the lower one. This allows 
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the spring and dash pot^ D to act as preriously mentioned, 
and to suddenly cut off steam from the cylinder by closing the 
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admission Talre. During the whole time of the admission of 
the steam to the cylinder, the cam K* presses inwards the finger 
against the resistance of the spiral spring, S S ; thus giving a 
longer or a shorter admission of steam until the governor acts 
on cam Elg, as just described. 

Beynolds-Corliss Valve Gear. — "Eig, 9 serves to illustrate^anothier 
style of single eccentric Corliss valve gear for a horizontal ‘steam 



VlG. 9 .-— ObDINARY SlNGliB EcCENTBIO BbYNOLDS-CoBLISS VaIiVB Gbab 
WITH Trip Motion fob a Horizontal Engine. 


^ engine. Index letters to the several parts of this and of the 
)|next figure have been intentionally omitted, because, after the 
'^very fully detailed descriptions which have been gi^en^ the 
student should exercise a little patience and perseverance in 
tracing out the connections and the action of this gear, without 
ftttthet assistance. He should sketch, letter, and describe the 
construction and action of this gear as an exercise in his note* 
bock> 1 Questions cU fh^ end of this Lecture*) 

^le*^ S^entrie Gears.* — Fig. 10 shows an outside photo* 
I viev of one form of this double eccentric gcar> known 
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od the Amerma Beynolds-Oorliss type. On the left-hand aide 
ie seen the vertical motion rod actuated by the one eccentric and 
connected to one wrist-plate. BVom the top and the bottom 
corners of this wiist-plate, rods are connected to the rooking 
levers of the top and the bottom steam valves.* * In the same 
way the right-hand motion rod, wrist-plate, short rods^ and 
looking levers work the top and bottom exhaust valves. The 





]fi0^ XO«-^Bbitmolds-Coiu;.iss VanvB Gbab fob Onb CYLiKnaa of twb 

* • 6,000 H.P. Glasgow J^mwat Bvoinbs. 

dash pot is situated between thi lower inner sides of the wrist- 
plahss. The complete Oiling cups and pipes for the forced 
lubudoation are also plainly seen, and this special arrangement 
bo ogain. referred to in this Iieoture. 
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The Selgrist System of Automatic LiArioation^ for Large 
Bugiues. — The complexity, size, and number of engines, 
dynamos, &o., which are^ now to be found in large central 
power stations — such as those in the Glasgow Electric Tramway 
Power House, at Pinkston, where over 22,000 H.P. is located in 
one room — have necessitated the discarding of the old system of 
oiling from dozens of isolated oil cups and hand-filled lubricfators. 
Not only did the old system require a large number of men to 





Fio. 1 L--Gsnebal ARBANcnMEST or THE Seigbist System of 

* AUTOMATIO LtTBBICATION FOB LaBGB ENGINES. 

carry the oil from the filtering plant to the engine-l'oom, but a 
considerable number had also to be constantly moving about, 
feeling bearings and pouringHil into the various cups, acooixling 
to th^ respective requirements. The personal error or inatten- 
tioii Of those so-called travelling oil-cans,” often entailed heated' 
bearin|;tj loss pf power, and outlay for repairs, with v^te of 
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time and money fol^ changing over, or the laying up of one set 
of engines until defects were overhauled whenever the number 
of employees was diminished or the constant rigid system oi 
supervision relaxed. 

By the introduction of a properly installed and complete auto* 
matic ^stem of lubrication, these shortcomings may be entirely 
overcome. Not only may all the valves, cylinders, slides, and 
bearings be thoroughly and efficiently oiled from one oiling table, 
but the number of attendants, their total wages bill, and the net 
quantity of oil used be very materially reduced. 

|n Pin*kston Station, the oil in continuous circulation between 
drain pipes to filters, in filters and overhead tank was equal to 
500 gallons. The oil delivered on the bearings per hour was 50 
gallons per engine With the engines running twenty hours per 
day and seven weekly working days, the oil circulated to and 
from each engine was about 7,000 gallons per week ; or, with a 
weekly jj^ake up of 40 gallons of oil, we see that only f of 
gallon was lost per 100 gallons used by the machinery. No 
returns or pipes were used from the valve gear, pump-room 
plant, or any auxiliary plant. The total savings in cylinder 
engine oil and waste amounted to over £40 per week when 
compared with what it was before the new automatic system of 
lubrication was adopted. 

Manipulation of the Oil. — The oil is brought alongside the 
power-house in a railway truck oil tank or in an oil cart. It is 
then passed through the supply or filling pipe into the storage 
tank, S T. This tank is in connection with the suction inlet of 
a duplex direct-acting steam pump, P^, by which the oil is forced 
through the piping to the engine oil reservoir, E O. This steam 
pump, Pp is also connected to the oil filter, OP. Cocks are 
provided on the two sets of pipes, so that, by closing one or 
other of these valves, the pump can take oil either from storage 
tank, S T, or filter, O P. The oil from the reservoir, E O, is led 
into another set of pumps, P 3 , arranged upon a metal table at a 
convenient level above the engine-room floor. This pump, P 3 , 
discharges the oil into a system of piping carried throughout J;he 
engine-room and communicating with each moving part requir 
in^lubrication. The waste oil from each part is cat^ht and led 
into a central position, from which it is carried by piping to the 
oil filter, 0 P. After the impurities are removed by the filter, 
the oil is again pumped into the tank, E 0, to be used as before 
for the bearings. 

The special cylinder oil from the reservoir, 00, is led by 
piping to the steam pump, Pp. The oil is forced by this pump 
along pipes to the engine cylinders. 23 
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Each pump is provided with pressure gauges^ spring-loaded 
valves, and an automatic governor, by means of which the speed 
of the pump is controlled, accoiding to the quantity of oil 
required by the engines. Special fittings are bolted to the 
cylinders to permit of the most minute adjustment in the oil 
supply. 

Cylinder Lubricator.— Two views are given, showing tfiie con- 
struction of the cylinder lubricator of the Seigrist system. The 
space under the diaphragm, D, is in communication with the 
cylinder of the engine, while the space above the diaphragm 
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will be seeu from these two idewa, that if the engine should 
be stopped, that the pressure of the oil supply from the 
pumps, P 2 , will force the valve down on its seat, because the 
steam pressure on the underside of the diaphragm, D, is 
removed, thus preventing any waste of oil while the engine is 
standing. 

COSupound Engine with Automatic Lubrication. — good ex- 
ample^ of the lubrication of several journals and slide blocks 
from one common source of supply under pressure, is furnished 
by Beiliss and Morcom’s compound engines for the direct 
driving of dynanaos. It will be seen from the Folding Plate, 
that not only the main crank-shaft bearings, but also the crank- 
pins, slide-blocks, the upper ends of the connecting-rods, the 
piston-valve eccentric and 
its irods, are all supplied 
with oil from a small pump 
worked by the same eccen- 
tric wlTich moves the piston 
valve. The oil is thereby 
forced through each bearing 
under a pressure of 10 lbs. 
per square inch, and is again 
and again sent on its sooth- 
ing mission for months at 
a time, without change or 
great loss in quantity. A 
heavy lubricating oil is used, 
and it always returns to the 
small pump through a filter 
which removes any grit that 
it may have picked up from 
the bearings. This is a very 
different state of matters 
from the old ** travelling 
oil-can*’ system, when the 
quantity of oil applied and 
betimes of application were 
a» erratic as the judgment 
of the attendant. 

A speeial feature of this I^g. 13. — Govbrnob fob Bblliss 
engine is that both cylinders Moboom Enginbs. 

are supplied with steam by 

one slide valve, worked by one eccentric and one valve rod. 
The cranks are set opposite to each other, and the stqam is 
admitted simultaneously to the top of one cylinder and the 
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bottom of the other. By this arrangement, the reciprocating 
parts are to a great extent balanced, the stresses on the 
bearings are much reduced, and a high speed of* revolution is 
possible without setting up undue vibration. 

The engine is htted with a centrifugal governor (Fig. 13), 
carried on the crank shaft, and connected to an equilibrium 
throttle valve. The governor gear is arranged so that the speed 
of the engine is capable of being altered by the adjusting wheel 
through a wide range of variation whilst running. The centri- 
fugal force of the two governor balls is chiefly resisted by the 
springs connecting them, but is partly opposed by the adjusting 
spring. In the event of any one of these springs breaking the 
balls instantly fly outwards, thus closing the throttle valve and 
stopping the engine. A variation of speed not exceeding 3 per 
cent, between full and no load can be guaranteed with these 
engines, and consequently they are found suitable for the direct 
driving of dynamos supplying cuirent to an electric light or 
power installation, as shown by the Folding Plate. 

Triple-Expansion Engine with Automatic Lubrication.’^— The 
accompanying Folding Plate serves to illustrate one of the best 
examples of vertical, inverted cylinder double-acting quick- 
revolution engines. These engines run at very high speeds 
without any fear of excessive wear and knocking of the connect- 
ing-rod brasses. The difficulty usually experienced when 
running double-acting engines at over 300 revolutions per 
minute arises from the necessity of such close adjustment of the 
brasses to avoid audible knock and shock. Thus, a small 
increase in temperature of the crank-pin may cause sufficient 
expansion to make it overtake the small clearance which is 
generally allowed for the bearing when cold. Consequently, 
this close adjustment renders the pin and its bearing liable to 
get hot and seize. The success of the Beiliss & Morcom 
engines is largely due to supplying the lubricant under pressure 
to the several moving parts. The pressure necessary for this 
purpose is not nearly equal to the maximum pressure on the 
'.bearing due to the weight of the engine, but only sufficient to 
lorce the oil into the bearing during a return stroke. The time 
taken by the piston in its upward stroke is too short to all^w 
the oil to be squeezed from between the rubbing surfaces before 

* Students are referred to the following papers should they desire any 
further information upon this subject of the Inet. 

vol. oxxxvi., “High-speed Engines,” by John Handsley Bales, A,M., 
Xnst. O.E.; and vol. oxiv., “ Beiannay-BelleviUe’s High-speed Engine,” by 
M. AUainet. 
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the pressure is again reversed and a fresh supply of oil given to 
the surfaces, as just explained in the case of the compound 
engine by the same makers. 

* Results witii Superheated Steam.— The following set of results, 
plotted in Fig. 14, were obtained from a 300 B.H.F. triple- 
expamion condensing engine using different degrees of superheat 
up to 307" F., or a total temperature of 677" F. The results 
show that the percentage gain or saving in pounds of steam 
per I.H.P.-hour agree very closely with those quoted in 
Lecture* XVI. with reference to the Willans engine. These 
results are quoted in the following table, as well as others from 
engines of different powers by the same makers, working at 
different loads and speeds The student should plot out these 



Fig. 14.— Ritsui/rs obtained with a 300 B H P. Bblliss & Mokoom's 
Tbifle-Expansion Engine, using Sufbbheaied Steam of 160 Lbs. 
Pbessube, and a Vacuum of 26*76 Inches at 475 Revolutions 
PEE Minuie. 

resiilts to scale, and thus present their several values in 
graphic form. 

Although the lemarkable economy shown by the results 
plotted in Fig. 14, of requiring only 10 lbs. of steam per 
hour, were obtained from these quick revolution engines, yet, 
the author feels bound to state, that great care should be 
observed by those who meditate using such highly superheated 
steam of 600^ F. or more. 


Some Results obtained with Belliss & Morcom’s Triple-Expansion Sblf-Lubricatino 

Engines, using Superheated Steam. 
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^llBOAtmONS WitH BUPBBHBATED 8TBAM. ^5^ 

Necessajry Precautions to be observed with Superheaters and 
with Highly Superheated Steam. — 1. Superheater tubes are liable 
to get.warped, burned, or chemically acted upon unless properly 
designed, made, erected, and worked. 

2. Highly superheated steam erodes or outs into brass and 
gun«ietai. Nothing less than nickel steel would permanently 
stand its effects upon valves and valve seats. 

^3. Highly superheated steam spoils the working surface of 
the softer kinds of cast-iron cylinders. Great care should be 
taken in applying superheated steam to cylinders which are 
Hot made of the very best, hard grey, close-grained cast iron. 



Fio. 16. — ^Evfioibnciy Cubve vbom a Full Load Test made o$ a 360-H.P. 
^ Non-oondeksing Willans Engine and a Siemens Dtnamo. 


Data.-— LH.P. » 365*7 ; E.H.P. = 302*2 ; mean steam pressure » 51*17 ; 
revoTutions per minute = 350 ; cut-off = *5 ; steam pressure =; 136 lbs. 
per square inch. 

4. When plumbago or graphite is used as a lubricant for 
cylinders, it is apt to clog and jam the piston rings, drc. ^ 

5. It has been found that engines in a first-rate condition 
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may be run with very little lubrication. When lubrication 
is necessary with superheated steam, then only* the best 
kind of Mffh flash point lubricant should be used, such as 
**valvoliue.'^ 

6. Steam pipe and cylinder laggings, as well as everything 
which come into contact with steam pipes containing ^very 
highly superheated steam, should be fire-proof, since they may 
be subjected to temperatures approaching 700® F. 

7. The stresses arising from highly-superheated steam were 
very great, and due allowance must, therefore, be made in the 
design of an engine to permit of free expansion without twisting, 
warping, or overstraining the parts thus affected by the extra 
heat. 

Tests of Willans’ £ngine.^The foregoing curves (Fig. 15), 
together with the attached data, give a clear idea of the com- 
b^ned^ efficiency of the indicated horse-powers, I.H.P., the 
electrical horse-powers, E.H.P., and the combined efficieucy of 
a 360 H.P. non-condensing compound Willans engine when 
coupled to a Siemens dynamo. 

The following data gives the mean results of four sets of 
independent tests of a 400-H.P. Willans triple-expansion con- 
densing engine when supplied with ordinary dry saturated 
steam : — 


Test or Willans’ Engine. 

Mffective area of cylinders— three of each: highpremiref 90*8.36 squme inches; 
intmn^ediatei .345*44 square inches; Icwpresmre^ 687*175 square inches. 
Stroke, 10*24 inches. 

Moan boiler presaure above the atmospheie, . 190 lbs. per sq. in. 
Mean admission high-pressure cylinder, . . 169*5 lbs. per sq. in 

Mean effective pressure on low-pressure cylinder, 28*918 lbs. per sq. in. 

Mean vacuum . 25*925 inches. 

Mean revolutions per minute, .... 299*8. 

Mean LHP., 894*776. 

Mean total feed-water per hour, .... 5,050 lbs. 

Mean deductions fo* separator and other drains 

per hour, 117*1 lbs. 

Mean total steam to endno per hour, . . . 4932*9 lbs. 

Mean steam used per I.H.r. per hour, . . . 12*49 lbs, 

Pefeentage Gain in Steam and in B.T.n. with WiUans'*Engine 
when applied with Superheated Stem— The ounrea and table 
of ^ata given in Lecture XYI. regarding these gains show tiiat 
with A triple-expansion engine giving 316 and using 

steam of 162 lbs. pressure by gauge with 180* P. of superheat, 
that the gain in steam used is fnlly 24 per cent. Kow, applying 
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tbijf to the previoiltls caae* where l^e^steam used per I^H.P.-heur 
was 12*4f lbs. with saturated steam, we get — 

• • 100 per cent. : 76 per cent ; ; 12’49 lbs. ; x lbs. 

X ^ 9*5 lbs. 

with the same degree of superheat and assuming the same 
efficiency. 

The Willans Cehtral-Valve Engine.*— As will be seen from the 
aoeompanying figure the engine is single-actinu, having all its brassos and 
moving parts constantly in compression, to en^le it to run at a high speed 
without knocking. The slide valves are of the piston type, and work 
inside the piston-rods^ This method affords a very direct distribution of 
the live steam and' a free drainage for the condensed steam. The high 
piston speed employed in this engine is in itself conducive to economy, and 
the Willans engme (as proved by many tests of undoubted authorily) is on^ 
of the mpst economical steam motors. With a small condensing ^gine 
indicating only 20 horse-power and running at 400 revolutions per minute, 
a consumption of 13 lbs. of steam per I.H.P. hour has been recorded, and 
a little over 18 lbs. when worked as a non-condensing engme. 

Orankit Connecting-roda, and ^ccenlrtVs.— Each une of pistons is con- 
nected to its corresponding crank by two exactly similar connecting-rods, 
with a space between, in which works an eccentric, Jorged solid upon the 
crank-pin. The connecting-rods at their top end engage two hardened steel 
pins, so supported that the pressure of the rods exerts no twisting stress upon 
them, and the eccentric-rod plays up and down freely in the space between 
them. The piston slide valves move inside the hollow piston-rody R, 
which passes completely through the line of pistons, and through the ends 
of the cylinders. The reason for placing the eccentric on the crank-fw, 
and not on the crank-shaft as usual is, tnat the valve face (t.e., the inside 
surfiMse of the hollow piston-rod) moves vMh the pistons, Cons^uently, the 
valve-motion required is a motion relative to the pistons^ and this is obtained 
by mounting the eccentric on the crank-pin, which, like the piston-rod, 
moves up and down with the pistons. Though its lead is set out differently 
from that of an ordinary eccentric, its effect upon the movement of the 
valves is exact^ the same. 

Cyftiufsrs.— The annexed sectional view shows a standard pattern engine 
of O.G. size, which has low-pressure (ylinders of W diameter and 6* stroke. 


* Students who desire to thoroughly study the excellent work done by 
Mr. Willans in the evolution of quick-revolution engines,yiould refer to 
the* following papers with the discussions upon them. They should also 
refer back to Lecture XVI. for the saving in feed-water, steam, and 
B.T.Lr. See Proc. oj Inst, C,E,, vol. Ixxxiii., p. 106, for “High-Speed 
Motors,*’ by John Imray, M.A., M.lnst.C.E. ; vol. xciii., p. 128, for 
“Economy Trials of a Non-condensing Steam Engine: Simple, Compound, 
and Triple vol. oxiv., p. 2, for “Steam Engine Trials;” and vol. xcvi,, 
p 230, for “Economy Trials of a Non-condensing Steam Engine: Simple, 
Compound, and Triple ’’—all by F. W. WiUans, M.lnst.C.E» 




tSOriTBE xl. 



WOLMW’ Oiiir*AirVAi.VB Tmplb Expahsmk Bhoihb. 


THB WILXiAKB OENTBAL-YALVB ENQlKfi. 


The right-hand line of pistons, with the hollow piston-rod, ii shown in 
elevation, while the lefb-nand line is in section, with the piston- valves in 
elevation. In the right-hand line of pistons (which is upon the up-stroke) 
the course of the exhaust steam is indicated by arrows, but the piston- 
valves are necessarily invisible. 

It y iH be noticed that a compound, or even a triple-expansion, Willans 
enginefinay be run as a simple engine without removing the upper cylinders, 
by merely removing the upper pistons, and the piston-valves corresponding 
with them. In fact, either the steam-pistons or the valves might be left, 
were it not for the useless friction of the rings. The upper cy linden, in 
such a case, become a mere extension of the steam chest. It is sometimes 
a piUctical convenience to be able thus easily to alter a compound to a 
simple engine, or a triple-expansion to a compound. 

Steam Distribution , — Beferring to the left-hand lino of pistons (which has 
completed j of the down-stroke), it will be seen that the steam from the 
boiler (after it passes the throttle-valve and the steam-chest) enters the 
hollow' piston-rod by the uppermost openings, 1, 1. From thence it goes 
into the H.H.P. cylinder by the second set of piston-rod openings, 2, 2. 
Cut-off takes place at about *6 of the mston’s stroke by the passage of the 
ports, l,al, into the first gland, G. Exhaust takes place by the secona 
piston-valve, V^, rising above the ports, 2, 2, and thus permitting the 
steam to pass out of the uppermost cylinder through these ports, 2, 2, into 
the hollow piston-rod and from there through the openings, 3, 3, into the 
receiver for the next cylinder. From this receiver, the steam a^in enters 
the hollow piston-rod by the ports, 4, 4, and out to and above the H.P. or 
second piston by the openings, 5, 5. Cut-off and exhaust take place for 
this in the same way as for the first cylinder — viz., cut-off by the passage 
of ports, 4, into the second gland, 6, and exhaust by the piston-valve, 
V*, rising above the ports, 6, 6, thus permitting the outgoing steam to pass 
through them and then through the opmiings, 6, _6, into the receiver for the 
third or low-pressure cylinder. Here again admission, cut-off, and exhaust 
take place, as in the case of the previous two cylinders, viz., admission 
from the second receiver by ports, 7, 7, and 8, 8 ; cut-off by ports, 7, 7, 
becoming covered in their downward passage by the third gland, G, and 
exhaust by piston-valve, V^, rising above ports, 8, 8, and letting the steam 
through &om into the hollow piston-rod and out through holes, 9, 9, 
into the exhaust chamber during the whole of the up-stroke. The 
exhaust pipe from this chamber may either communicate directly with 
the atmos^ere or with a condenser. Piston-valves, V® and V^®, con- 
stitute a guide for the bottom of the valve-rod, V^®, has no packing, and 
there are holes in it in order to afford a free passage of water or oil 
through the same. 

It will be noticed that in the simple non-condensing engine,^the steam 
remains in the engine, from the commencement of admission td'the end of 
exhaust, for one revolution, as in ordinary engines. But in the compound 
non-condensing engine, the steam remains for two, and in the triple 
expansion^ngine for three, whole revolutions. In other words, the ste^ 
is practically quiescent in a receiver of some kind for h^ a revolution 
^between each two stages of expansion, and this (which is only possible 
in a single-acting engine) enables the range of temperature in the several 
stages to be divi&d fulvantageously. 

The water above each piston is swept downwards by the 
exhausting steam into the space below during the whoU of the fs^Mu$t 
ttrohe; itnas not to be carried by the piston to the top of the cylinder, 
then driven out suddenly throui^ the port in a more or less upward 
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dir^tlon, as in the ease in other forms of vertical engine.^ Xhe Willana 
en^ne has, therefore, unique advantages in getting rid of water f^m the 
cylinders, aj^rt from the action of the relief-valves. 

Air Cuahuming in Guide Oylindera,—Kefev&ioe has been made to the 
fact that all the moving parts are constantly in compression— a condition 
rendex'ed possible only by the fact that the pistons are single-acting, giving 
no pull to the crank upon the up-stroke, but only a push upon tl^ down- 
stroke. In any engine running at high speed the moving parts can only be 
kept in oonipression upon the up stroke by very great cushioning. This is 
rarely obtained in other high-speed engines without excessive compression 
in the cylinders, which naturally involves a certain waste of steam. 
Sometimes, when a high-speed engine exhausts into a vacuum, sufficient 
cushion cannot be obtained at all by the usual means. In the WiUans 
engine very little compression is given in the steam cylinders, for little 
or none is required. The requisite cushioning is obtained independently 
by the guide pistons. These pistons, on the up-stroke, compress the 
the air contained in the guide cylinders, and thus any desired amount of 
cushion can be obtained, according to the clearance allowed.* The work 
expended in compressing the air Is given out again by ita expansion on tM 
ssucceeding down atrolxj and the loss, when the engine is running at a good 
speed, is proved by indicator diagrams to be too minute to be worth con- 
sideration. There are holes, 11, 11, in the guide cylinders, which are 
uncovered by the guides at the bottom of the stroke. As the casing ot 
chamber which surrounds the guide cylinders (and which forms part of the 
framing of the engine) is open to the atmosphere, it is evident that the ait 
oomprossion always commences at atmospheric pressure, and is constant 
and invariable in its results, whatever alteration may be made in the 
pressure of the exhaust steam. 

The Braaaea and all parts in Compression* — ^The upper crank -pin brasses 
of the connecting-rods are wider than the lower ones. This is because the 
upper brasses alone are intended to be m actual contact with the crank- 
pms ; the lower ones are only a stand-by in case of accident. AU the 
moving parts of the engine are designed to be strictly in “ constant thrust 
the connecting-rods are always in oompremon^ never in tension, A small 
hole is drilled in each guide piston, ^ inch in diameter, so as to be, just 
visible below the bottom edge of the guide cylinder when the crank- 
chamber door IS removed, and when the piston is at the bottom of its 
stroke. When the entire diameter of this small hole is in view below the 
guide cylinder, it is time both to set up the brasses (so as to reduce the 
play) and to pack up the connecting-rods by inserting packing pieces 
wtween the big ends of the connecting-rods and the brasses. The connect- 
ing-rods, however, must not be packed up sufficiently to take the hole quite 
out of sight, for its dower side must still be in sight (at bottom stroke) 
under the edge of the guide cylinder. If the hole goes out of sight entirely, 
there will not be enough clearance for safety between the low-pressure 
piston and the top of its cylinder. ^ 

,The eccentric-rod is also intended to work in compression, in the same 
way as the oonnecting-rodB. The holding-down pressure is furtiished by 
the strain in the steam chest, acting constantly upon the uppermost pistoti' 
valve, V^. It may sometimes happen, if the engine is run with a very light 
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loftd» bat at a high spaed, that the pressure In the steam chest (being much 
throttled down by the governor) is inanffioient to keep the eccentric-rod in 
contact with the eccentric upon the np-stroke. If this be the case then 
a (Edight knocking may be heard, as the lower eccentric-strap is purposely 
left an easy fit upon the eccentric. Such knocking is unimportant, if not 
allowed to continue too long, and it will cease as soon as the engine is given 
work to do,* 

4 fanljher reason for the moderate wear of the brasses (and eccentric 
straps) is that they dip bodily into the lubricant in the crank chamber at 
eveiw revolution. In doing so they splash it over the main bearings, and 
to the upper ends of the connecting-rods and eccentric-rods, and into the 
guide cylinders, as well as into that part of the hollow piston-rod where 
the guide, works. The lubrication of the working parts (other than 
steam pistons and valves) is thus completely automatic. It is sufficient to 
meotion here that (according to the usual method of working) the crank 
chamber contains not oil only, but oil and water mixed. As the tempera- 
ture of the mixture cannot possibly rise above that of boiling water, there 
is a praiotical guarantee against hot bearings, so long as the supply of water 
is maintained and suitable oil is used. 

Internal Relief- Valves, —In the low-pressure cylinders of all engines, and 
in the high-pressure cylinders, if large enough to be so treated, internal* 
relief- valves are fitted, consisting of a gun-metal plug screwed into the top 
of the low-pressure cylinder. The plug is pierced hy holes, covered by a 
single thin gun-metal disc. When the disc is raised, there is free commu- 
nication between the cylinder and the receiver (or steam chest) above it. 
It is kept down under ordinary circumstances by the excess of the receiver- 
pressure over that in the cylinder; therefore no spring is required, and there 
18 no part liable to get out of order. If from water m the cylinder, or any 
other cause, the pressure rises above that in the receiver, the valve lifts, 
and though the water is only passed back into the receiver, the relief is 
found to oe snfficient, and, in fact, far more effective than that given by 
ordinary external relief-valves. Engines so fitted have been tested by 
discharging a cubic foot of water suddenly into the steam-pipe; also by con- 
necting the steam-pipe with the water-space of the boiler (by a ^inch pipe, 
with a difference of 80 lbs. between the pressure in the boiler and that in 
the 8team-pii)e) without auy injury to the engine in either case. In cases 
where internal relief-valves cannot be used, ordinary external valves are 
fitted. When an engine is run without load the compression in the low- 
pressure cylinder may rise beyond the pressure in the receiver ; the disc of 
the valve may then oe heard to lift at each revolution, but the noise will 
go off as soon as the receiver-pressure is increased by giving the engine 
work to do. 

Air-Oocka,-- Air buffer relief-cocks, N, are fitted upon the guide cylinders, 
in order to avoid compressing the air in them when the engine is being 
turned by hand, and to facifitate starting. If the cocks are dpened at 
starting, they must be closed as soon as the engine gets fairly under- way. 
Thdy must never be open when the engine is running at full speed, or the 
necessary cushion will be wanting. 

Drain-Oenks , — The drain-cooks on the receivers should be fhlly opened 
before starting, and should be kept open for a short time aftfer starting 
They most, however, be closed and be kept closed while running, except 
occasionally to draw off any water which may have collected— when th^ 
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should bo opened only to an extent just sufficient to allow the water to 
escape. The receiver-drains are connected, by copper pipes, with the 
exhaust chamber. 

Lubrication , — Usually only one lubricator is required, of the sight- 
feed ” pattern. After the engines have worked for some time, a very small 
supply of good mineral oil will suffice for the cylmders. At M, on the 
se&ional view, is shown a funnel for introducing ou into the crank chamber 
—preferably the best castor oil, but not mineral oiL The funnel (^he.usual 
place for wmch is on the front of the engine, and not where shown) also 
establishes communication between the air-cushion cylinders and the atmo- 
sphere, when the guide pistons are at the lower end of their stroke. 
When water is required to be added, it should be poured in through the 
open top of the lubricant gauge, and not through this oil-fimneh A gauge 
enables the quantity of lubricant in the crank chamber to be easily ascer- 
tained at any time by the attendant. The normal height at which the 
lubricant should be maintained is from three-quarters of an inch to an inch 
below the underside of the crank shaft. 

j^cpam^or.— Every engine is now fitted with a steam dryer, or separator, 
mounted on one corner of the bed-plate The steam enters at the top and 
descends through a hanging pipe into the body of the separator. After 
* leaving the pipe it turns upwards to the exit, which is near the^top, while 
the particles of water, which are heavier, are shot downwards by the 
velocity with which they leave the hanging pipe A gauge-glass is fitted, 
and a drain, the cock on which should be so adjusted as to keep a little 
water in the glass, just in sight. 

Governor, — 1. In the accompanying figures the governor balls are shown 
in the position they assume when controlling the engine. The throttle- 
valve is of the piston type without rings, and it works up and down in a bush 
with a closed top. The bush is held down by a coiled spring above, and by 
the steam pressure, and its lower end, which is faced, makes a ste^-tight 
joint against a face on the casing, as shown. The boiler steam is admitted 
from the outside of the bush, m which there are two rings of ports, the 
amount of opening of the lower ring being regulated by the position of the 
lower edge of the throttle- valve. Corresponding with the upper ring of 
ports is an annular port in the throttle-valve ; the distance of this from the 
lower edge of the throttle-valve being such that the upper ports commence 
to open slightly earlier than the lower ones. In cases Mrhere, owing to 
low-pressure, or other causes, only a very small drop in pressure can be 
allowed between the steam-pipe and the steam-chest, a third ring of ports 
is sometimes added, with a second annular port in the throttle-valve. 
The lubrication of the valve is effected by pass^es in the body of the 
bush, supplied from a grease cup on the cover. The sight-feed lubricator 
is attached to the boss dotted on the engraving; it aelivers oil on the 
engine side of the throttle- valve. The spring, F (the lower part of which is 
hooked to a fixed point on the bracket whiw supports the bell-crank, E), 
maintains a constant down pull on the rod, G, and so tends to close the valve. 
It also tends to force the balls further apart, by depressing the end, K, of 
the beU-crank, E, and so pushing outwards the loose collar, 0 (shown 
partially dotted), and the short ends, N, N, of the arms which carry the 
balls. But the pre-arranged elation between the centrifugal force cl the 
bcJls at di&rent speeds, and the pull of the springs. A, at different lengths 
is such, that so long as the engine is running even slightly below its speed, 
^e puU of the springs. A, overcomes both the centrifugal force of &e 
, baUq^ ap6 the puU of the spring, F, and the balls remain near together. 
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and the valve in Ita 
widest open position. 
At the intend^ speed 
(or slightly bdow it) 
the centrif^al foroe of 
the balls, hdped by the 
spring, F, oauses them 
to overpower the springs, 
A ; and as the arms, N, 
N, move outwards, and 
permit the collar, C, 
and the bell-crank, E, 
to follow them. The 
spring, F, is, therefore, 
able to draw the rod, 
G, downwards, and to 
close the valve more or 
less completely, until 
the engine runs at its 
normal speed. If the 
speed, for any reasoiC 
such as reduction of 
load or increase of boiler 
pressure, begins to ex- 
ceed that intended, the 
balls fly open and the 
throttle - valve closes 
until the speed falls 
again. If, on the other 
hand, the speed dimin- 
ishes, the balls are 
drawn together by the 
springs, A, and approach 
one another, the spring, 
F, is over-powerea; and 
the valve opens. In 
order to permit a cer- 
tain amount of end jilay 
m the crank-shaft, with- 
out causing movement 
in the throttle- valve, the 
governor spindle fits 
loosely in a correspond- 
ing hole in the shaft, 
and is free tb move a 
short distance endways. 
Tl»o outer end of the 
spindle is supported in 
a bearing formed in the 
governor guard, and 
carries a phosphor 
bronze ring, wnich 
works against the f^ 
of the bearing.^ The 
spindle is kept up 
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thifi face by the tension o£ the spring, F, acting through the bell- 
ovanks, E, nnafifeoted by end-play in the crank-shaft which drives it. The 
levers, H, H, are rigidly attached to the arms which carry the balls, and 
their free extremities are geared together, as shown. By this means the 
governor is balanced against gravity in all positions. 

It will be noticed that there are four elements which determine the action 
of the ffovemor in controlling the engine, viz. : — 

(1) The weight of the balls which measures their tendency to fly apart 
at any given speed. If the balls are made heavier, they will overpower the 
springs, A, at a lower speed ; if lighter, the engine must run faster before 
they will come into action. 

(2) The pull of the spring. A, against the balls, and the ratio in which it 
varies as the distance between them alters. 

(8) The pull of the spring, F, assisting the balls. 

(4) The position of the valve relatively to the balls, as determined by the 
adjustment of the length of the spindle, G. 

2. spring, F, as has been explained, assists the balls to open, though 
its action is small in comparison with the centrifugal effect of the balls. 
If more tension is put upon it, by means of the thumb-nut, M, the l^lls 
^ill open at a lower speed ; if the tension is reduced, they will not open 
until a higher speed is reached. A moderate adjustment, therefor^, can be 
given by the nut, M. In cases where a considerable range of speed is 
required a different method is adopted. 


Criticism of the Farcot-Corliss Cylinder and Position of the 
Valves, as shown by Figs. 1 and 2 in this Lecture.— Up to-date 
CorlUa Cylindera and how they are Arranged, — Figs. 1 and 2 serve the pur- 
pose of enabling the student to obtain a good idea of a Corliss cylinder with 
the separate positions of its four separate valves. But, first-class makers of 
Corliss engines aim at designing thoir cylinders, so that the interior of the 
cylinder, as well as the piston and piston-rod, may be inspected and the 
l^t two withdrawn from the cylinder as easily as possible — i,e,t by simply 
removing the cylinder covers. 

SeparcUe Parta oomtituting the Cylinder:— 

(1) The cylinder barrel with its jacket and liner. 

(2) The separate steam- and exhaust- valve chambers with ports for the 
front end. 

(3) The separate steam- and exhaust- valve chambers with ports for the 
back end. 

^ (4) The front and back end covers. 

f The fiirst three of these sets of ports are so designed, machined, jointed, 
and bolted together, that they constitute the whole of the cylinder proper. 
Each part is separately machined, and may be separately repaired and 
' d. 

S EwmwUiim of the Inaide of Cylinder and the Pistor^—U it be 
to examine the piston or the interior of the cylinder from either 
or from both ends, it is only necessary to take off and withdraw the 
front cover as far as the recess in the front framing will permit, and to 
remove the back-end cylinder cover, without touching any of the valve- 
^ambere, steam or exhaust pipe -joints. By driving out the cotter 
connect);^ the crosshead to the front end of piston-roo, the piston with 
T Its rod may*^ then withdrawn from the open Mok end of the cylinder. 




Bist PositUm fw Steam and Bschaust Vafves.^^Tbe front and the baok 
Bteam- valve ohambdra should be placed fair above their respective ends, 
and their short-port openings lead fair down to the very ends of the 
ovlinder clearance spaces. The front and the back exhaust- valve chambers 
should be placed fair beneath their respective ends, and their short-port 
^enings lead fair down from the very ends of the cylii dcr clearance spaces. 
iSie cylindrical surfaces of each of these rocking valves should work quite 
clear of the bore of the cylinder. 

St€el^pf'inge for Aiding CorlUa Valves to he kept Tight, — Some makers 
of CorliM engines assist the steam pressure by aid of springs attached to 
the\valve spindles with the object oi still fiuther ensuring the prevention 
of the leakage of steam past the valve facts. 

Steam Jacket , — Provision should bo made for keeping the jacket solely 
filled with dry hot steam when the engine is at work. It should therefore 
be thoroughly drained of any condensed steam by being connected at its 
lowest point with an efficient steam trap. This trap should empty into 
a pipe leading to the hot- well or boiler feed-pump suction chamber, as 
explained in connection with the illustrations and debcription of the 8.S. 
** Inclidune’s ” engines (see Index). 

Defects of the Farcot-Corliss Oylhder and Position of its Valves,-— To 
inspect the interior of this oylinder or the piston from even the baok end 
only, yqp have to: — (1) Disconnect the valve rods ARq and £R^. (2) 

Disconnect the steam and the exhaust pipes S and E P^. (3) To lift off 

the heavy cylinder cover CC, containing its steam and exhaust valves 
with their spindles, &c. , without fouling the ends or faces of 8 P 2 and E Pg. 

The port openings into the oylinder of the admission valves AV^, A v.j 
being horizontal, the pressure of the steam on the backs of these valves is 
not aided by their deadweights in keeping their working faces steam-tight 
to their ports in the same easy natural way, that they would do if their 
port openings led vertically downwards. Also, the valves will not be so 
well balanced, and there will be more tear and wear between the valves 
and their spindles than by the method referred to above. 

Neither have springs for aiding steam-tightness of the valves been fitted 
to the valve-spindles, nor steam traps to the jackets of the Farcot-Corliss 
oylinders, as referred to above. Some engiiioers consider these springs 
superfluous ; but now, no one can object to the use of the very best means 
of keeping the oylinder jackets as free of condensed steam as possible. 
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Lbotubb XX.— Questions. . . . 

1. What advantages are claimed for the Corliss valve gear? 

2. Give sketches of a Farcot-Corliss cylinder and its valve gear, shoTiring 
the positions of the steam and exhaust valves, &c. Explain how the whole 
arrangement is fitted and works. Point out the weak points and make a 
desi^ for a cylinder to fulfil the best up-to-date requirements of a 
Corliss cylinder, as mentioned at the beginning and the end of this lecture. 

3. Mention the diflerent types of Corliss valve gear. Illu^tratQ by 
sketches the usual shape and construction of steam and exhaust valves for 
this gear. 

4. Describe, with the aid of sketches, the original form of Corliss trip 
gear. Show the simultaneous and relative movements of the wrist-plate 
and steam valve levers. 

6. Give a general description of the connections between and movements 
of eccentric, wrist-plate, valves and governor in the Corliss valve gear, 
together with a diagrammatic centre line view of the connections, and a 
complete index to the parts. ^ 

6. Illustrate and describe how the tripping of the valve is effected in the 
Farcot-Corliss valve gear. 

7. Make a sketch of the Reynolds-Corliss double-eccontrio valve gear, 
and explain its action. 

8. Describe, with sketches, how the automatic lubrication of the various 
parts of a large steam engine which is not encased, is now usually per- 
formed. What is regarded as the best method of lubricating the cylinder 
of an electric light or power station engine? (B. of E., 1902, Adv. and 
H., Parti.) 

9. Describe, with sketches, any form of sight-feed cylinder lubricator 
for use with the Seigrist system of automatic lubrication. 

10. Sketch and describe how the system of forced lubrication is effected 
in a quick-revolution double-acting engine. Why are the working parts 
of su^ engines surrounded by a casing ? 

11. Sketch some common form of steam-engine governor, and show how 
it may be made to regulate the roeed (1) by acting on the throttle- valve, 
(2) by varying the point of cut-off. Contrast the functions of a governor 
and a flywheel as speed regulators. (G. & G., 1902, O., Sec. C.) 

12. Describe, with compete sketches, any form of steam engine governor 
with which you are familiar. (G. & G., 1^1, 0., Sec. G.) 

13. Calculate the percentage saving in lbs of steam per B.H.P.-hour, 
and plot on squared paper the results obtained with the 300 B.H.P. triple- 
expansion Belliss-Morcom engine when using superheated steam of 160 lbs. 
pressure. (Use the data given in the table for this engina ) 

14. Using the data given in the previously mentioned table, plot a 
curve, showing the change in efficiency for the dynamo-engine when run 
at 34 revolutions per minute for full, §, J, and ^ loads. 

16. Enumerate the several necessary precautions to be observed with 
superheaters and highly superheated steam. 

16. Give a concise description, with sketches, of the Willans central 
valve engine, and note any outstanding features about this enmne. 

17. pedoulate the percentage gain in steam for a 400-H.P. triple- 
expansion condensing Willans engine when using admission steam of 
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170 lbs. by gauge, but superheated from O’* to 180^ F. Plot your results 
for gain in steam and for gain in B.T.U. (Refer to table of results in this 
lecture, and to the formula with curves in Lecture XVI,) 

18. Answer only one of the following (a, 6, c, or d):*— *(a) Describe, 
with sketches, a Hartnell governor, and give the theory of its action, (h) 
Describe, with sketches, a loaded Watt governor, and give the tlieory of its 
actipn. State exactly in what way the load causes improvement in the 
actiota (c) Describe any form of relay governor, (d) Describe how the 
governor acts in the case of the Corliss valve gear. (S. A A., 1897, Adv.) 

^19. Describe, with sketches, the construction and working of any crank- 
shaft governor which controls the advance and tiavel of a slide valve. 

(S. ft A., 1898, Hons.) 

• « • 


* Students should refer to the Author’s Text-Book on Applied Mechanics 
and Mechanical Engineering ^ 3td Edition (e^ seg.), Vol. 11., for different 
kinds of governors. 
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Contents. — Early History of Marine Kngmes up to 1815 — Side ]^ver 
Engine — ^Amerioon Beam Engine— Steeple Engine— Double Cylinder 
Engine — Oscillating Engine with Valve Gear — Questions. 

Although the successful commercial application of steanl-power 
to the propulsion of ships was not effected until after Watt in- 
yented and perfected his double-acting engine, it will be inter- 
esting to briefly refer to a few of the more prominent attempts 
at steam navigation previous to and at the beginning of the 

that we can And of an actual attepapt to 
propel a boat by a steam engine, is given in a correspondence 
between Papin and Leibnitz, wherein the former records having 
been present in 1698 at a trial of a boat driven by a Savery 
engine. The engine kept up a supply of water sufficient to work 
a water-wheel, which in turn drove the paddle-wheels. Papin, 
who was professor of mathematics at Marburg, had a vessel fitted 
with an engine of his own in 1707, wherein he employed the 
same device, viz., a pumping engine to force up water to turn 
a water-wheel attached to the propelling paddle-wheels. This 
vessel, however, before it had been put to regular use, was 
destroyed by a mob of boatmen who thought it would ruin their 
business. Papin himself narrowly escaped with his life and 
fled to England. 

In 1736, Jonathan Hulls took out an English j>atent for a 
steam tug, in which the paddle-wheels were to be driven by a 
Newcomen’s atmospheric engine, to which a system of ropes 
and grooved wheels, <Sbc., was to be applied, so as to give a 
continuous rotary motion to the paddle-wheels placed at the stem 
of the tow-boat. 

In 1783, the Marquis de Jouffroy, who was one of the earliest 
iovanta in Prance to recognise Watt’s improvements, after 
several previous unsuccessful attempts, had a boat 150 feet long, 

* For a complete history of the application of the steam en^e to the 
propttlsidn of ships, the student is referred to Mr. Woodcroft*s abridgements 
of patents, for marine propulsion, whidi will be found in most Engineers’ and 
Flu2j0B<mhical Societies’ Libraries, as well as to Prof. Thurston’s 
^&€^eamMhigiiu, 


present century.* 

The earliest record 
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16 feet wide, fitted with a horizontal engine and paddle-wheels 
14 feet diameter, 6 feet broad, and successfully tried it at Lyons, 
but owing to want of funds and discouragement from the !mnch 
Government he did not put it to regular use. 

In 1787, John Fitch made and tried a boat at Philadelphia, 
whrol^ was driven by side paddles worked by a steam engine, 
which attained a speed of 3 or 4 miles an hour ; and in 1796 he 
experimented with a screw propelled boat at New York. This 
is the first actual trial of a screw propeller, although Daniel 
Bemouilli had in 1752 invented a form of screw propeller which 
he proposed to drive by a steam engine. 

In 1788, Miller, Taylor Symin^n, at Dalswinton, Dumfries- 
shire, Scotland, built and engined a small boat (25 feet long, 7 feet 
beam, with a double cylinder engine, the cylinders being only 4 
inches diameter), which is reported to have attained a speed of 
5 miles an hour. All these early attempts up to the beginning 
of the present century failed, chiefly on account of the imperfecx 
means employed to transmit motion from the piston to the pro- 
peller. It was not until Watt's improved rotative engine began 
to be generally understood and appreciated that anything like 
practical success can be said to have been attained. 

In 1801, Symington, encouraged by the previous partial success 
with Miller’s boat, and availing himself of Watt’s improvements, 
built and engined for Lord Dundas a small boat called the 
Gha/rloUe DundcLS^ which plied as a tug-boat in 1802 on the Forth 
and Clyde Canal with complete success, and was only laid aside 
owing to the fear on the part of the canal directors that the 
wash from her propeller would injure the banks of their canal. 



As may be seen from the above flgure, the vessel was fitted with 
a stem wheel, driven by a direct-acting horizontal engine with 
connecting-rod and crank. A condenser and air-pump were 
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fixed below the cylinder, while the boiler extended above the 
deck. Altogether the arrangement was most creditable, and she 
has justly been styled “the first practical steamboat.” 

In 1807, Bobert Fulton, an American, had a steamer called the 
CUrnumt launched for him on the East River, New York, 133 
feet long, 18 feet wide, and 9 feet deep, which he fitted wjih an 
engine having a cylinder 2 feet diameter, and 4 feet stroke, 
made for him by Boulton k Watt in England. This paddle 
boat made a trip to Albany, running the distance of 150 miles in 
32 hours and returning in 30 without using the sails on either 
occasion. Old drawings, made by Fulton’s own hand, of the 
dmnonf^s engine, are in the possessions^ Professor Thurston at 
the Stevens’ Institute of Technology, 'xae success of the Clermont 
on the trial trip was such, that Fulton soon afterwards advertised 
the vessel as a regular passenger boat between New York and 
4-lbany, and he has therefore the credit of first making steam 
navigation an every-day commercial success. ^ 

In 1812, Henry Bell constructed the Comet on the Olyde, a 
craft of 30 tons burden, 40 feet long, and 10^ feet beam, which 
ran for several years between Glasgow and Greenock as a regular 
passenger steamer. 



Thb “Comet,** 1812 . 


As may be seen from the above figure, there were two paddle- 
wheels on each side, driven by an engine rated at three hori^e 
power, of which the following diagram taken from Professor 
Bankine’s Steam amd Steam Engine gives an idea of its style 
and proportion. 

This engine, as shown by the drawing, is what might be 
expected to have been used at the date of its construction for 
admail land engine, since it is fitted, not only with a fiy-wheel, 
but also with a Watt’s pendulum governor. It is a simple form 
^of side-lever engine, where long return side rods from ^e 


BABLT HISTOBT OW B^ARXVIS ENGINES. 


376 


piston-rod crosshead engage with one end of a side lever, 
having a fulcrum or wyper shaft at its other end. With 
several important additions and improvements, such as jet or sur- 
face condensers, variable hand-regulated expansion gear, foot-trip 
and hand reversing gear, and omitting the fly-wheel and governor, 
this.^style of engine, termed a “grasshopper” engine, is to 



The Engine or the ** Comet.” 


be found at the present day doing good work in many tugs on 
the Thames, Clyde, Forth, and other ports. Several advantages 
are claimed for it, such as cheapness of construction, long stroke 
even in shallow water boats (where the cylinder is placed near 
the keel instead of on a raised platform as in the Gomefa en^ne), 
less chance of sticking on the dead points than most oldier single 
cylinder forms of engines (owing to the position occupied by the 
crank shaft, the connecting-rod being placed between the cylinder 
side rolls and the side-lever fulcrum), and also the fact, that it will 
work with less attention and in a greater state of disrepair than 
many other more flnely adjusted forms of engines. The cylinder 
of the Garnet is preserved as an interesting relic in the Glasgow 
Corporation Kelvingrove Museum. 

lSx>m this date the advancement and success of steam'naviga- 
lion was very rapid, for we find that Bell soon built several 
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The foregoing diagrams show the general arrangement of these 
engines : — ^The figure on the lefb hand is a side view of the port 
engine, while that on the right hand is an end view of the 
cylinders, &c., of both engines. 

Each engine had a pair of side levers, 5, fixed to one central 
rocking shaft, but on opposite sides of the steam cylinder) ‘U. 
The piston-rod of the cylinder carried a crosshead like a large 
T (clearly seen in the end view), from which were suspended a 
pair of side rods, and those rods engaged with the after ends of the 
side levers. The other or forward ends of these side levers were 
connected to a single cross-tailed connecting-rod like an inverted 
T, thus ±, the upper end of which engaged the crank pin, e. The 
ai]>pump was also worked from the main side levers as shown at, d, 
while the jet condenser was situated between it and the cylinder. 
The eccentric with its counterpoise weight is seen at, /, and the 
paddle-wheel at, h. The whole engine rested on a heavy 
cast-iron girder sole plate, c. Such engines rarely used^ steam 
above 20 lbs. pressure on the square inch, and made about 18 
revolutions per minute, or a piston speed of not more than 200 
feet per minute, with a consumption of coal rarely less than 7 
lbs. per indicated horse-power-hour j whereas now-ardays, a steam 
pressure of 150 lbs. with a piston speed of 600 feet, and a coal 
consumption of less than 2 lbs. are quite common. They were 
very heavy, occupied great space, and were often difficult to 
start, requiring in the larger boats sometimes two or more men 
at the starting wheel, for steam hydraulic starting gear, and 
balanced slide valves, had not been devised in those days, and 
only one eccentric was used, so that the slide valves had to be 
worked by hand until sufficient speed was attained to keep it in 
position for steaming either ahead or astern. 

American Beam Engine. — This form of engine, which is peculia** 
ko American river steamers, owes its characteristic design chiefly 
to Kobert L. Stevens, the son of Oolonel J ohn Stevens, a con- 
temporai^ and strong rival of Hobert Fulton in shipbuilding 
and marine engineering at the beginning of this century. The 

skeleton or walking beam ” was first designed by Bobert 
Stevens in 1822 for the Hoboken^ and in 1827 he built the iTbrjA 
America, one of the largest and most successful river steamers at 
that time. It attained the then extraordinary speed of between 
15 and 16 miles an hour. This vessel had a pair of engines with 
single cylinders, each 44^ inches diameter, and 8 feet stroke, 

many yeara between London and Aberdeen. The repair was necessitated by 
the breaking of one of the large dde levers, h, a cironnistance of not 
unfrequent occurrence with such engines. The diagrams on the last page 
pve a good idea of her engines. 
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<v^hich made 24 revolutions per minute. In the vessel, he in- 
troduced for the first time, what is known in America as the 
** ho^ frame,” a simple and efficient form of stiffening truss, for 
keeping long, light, and shallow vessels in shape when irregularly 
laden, and when steaming fast under the action of powerful engines 
The* following figure, taken by permission from Professor 
Thurston’s History of the Steam Engmsy clearly illustrates the 
comnion type of American beam engine, which has been even to 
the present day but slightly altered in general style since it was 
first introduced by Stevens, except that iron and steel take the 
place of wood in the “gallows frame,” and a higher steam pres- 
sure, sometimes as high as 60 lbs. is now used : — 
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“ This class of engine is usually adopted in vessels of great 
length, light draught, and high speed. But one cylinder is 
commonly used. The piston-rod crosshead is coupled to one 
end of the beam by means of a pair of links, and the motion of 
the opposite end of the beam is transmitted to the crank by a 
long connecting-rod. The beam has a cast-iron centns, ^r- 
rounded by a wrought-iron strap of lozenge shape, in which are 
forged the bosses for the end centres, or for the pins to which 
the connecting-rod and the links are attached. The main centre 
of the beam is supported by a gallows frame ” of timbei^ so 
arranged as to receive all stresses longitudinally. The crank 
and crank shaft are of wrought-iron. The valve gear is usually 
of Stevens’ form, the combined invention of il^bert L. and 
Francis B. Stevens ; the steam valves being of the disk or poppet 
variety, rising and foiling veirtically, and are four in number, 
two steam and two exhaust valves being placed at each end of 
the cylinder. The condenser is placed immediately underneath 
the steam cylinder. The air-pump is placed close beside the 
former, and worked by a rod attached to the beam. Steam 
vessels on the Hudson River have been driven by such engines 
at the rate of 20 miles an hour. This form of engine is 
remarkable for its smoothness of working, its economy and 
durability, its compactness, and the latitude which it permits 
in the change of shape of the long flexible vessels in which 
it is generally used without ii^ury by “ getting out of line.” 
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as Maudslay’s (of London) double cylinder engine, a cross section 
and side view of which is shown in the prece&ng figure. 

It consisted of two equal cylinders, placed side by side, 
of which there were usually two sets, as shown. In order to 
get sufficient length of connecting rod, the piston-rods' of each 
pair of fore and aft cylinders were connected to one crosshead of 
T shape, the lower end of which dipped down between Vertical 
guides placed betwixt the cylinders, and was there attached to 
the lower end of the main connecting-rod. The air-pumps were 
worked as shown from this same point by smaller connecting- 
rods and levers. 

Oscillating Engines. — ^The oscillating engine was first used as a 
land engine, for we find that in 1785 Murdoch, the manager of 
Messrs. Boulton & Watts’ engineering works at Soho, Birming- 
ham, devised a simple oscillating engine. Trevithick is also 
reported to have suggested this form of engine, but it remained 
for the well-known firms of Messrs. John Penn Son, o{ Green- 
wich, and Messrs. Maudslay & Field, of London, to perfect and 
adapt it specially to paddle steamers. The general arrangement 
is shown by the following figures, of which the left hand one is 
a side view, and the right hand one an end view, taken from 
Professor Bankine’s Steam and Steam Engine : — 



Side View.— Oscillating Engine. 


In these engines the chief feature is, that the connecting-rod 
is altogether £spensed with, the upper end of the piston-rod 
being supplied with an ordinary connecting-rod crank pin end, 
80 as to work directly on the crank. The cylinder is usually 
placed vertically under the crank shafb, and is carried on 
twb trunnions near the middle of its length, so that it may 
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freely sway to and fro through a small arc, and thus permit the ' 
piston and piston-rod to follow the movements oi the crank. 
From the following sectional elevation and plan (next page) of 
an oscillating mame engine cylinder, 0, it will be seen, that 
the trunnions are hollow, the one next the skin of the ship 
being always the steam trunnion, S T, or that one connected 
directly to the steam pipe leading from the boiler, while the 
inner or central one is the exhaust trunnion, ET, connected 
directly to the condenser. Both are kept steam tight with a 
stuffing-box and gland. There are usually two valve chests bolted 
to* the' valve faces, V F, V F, placed on opposite sides of the 
cylinder, and at equal distances from the centre lines of the 
trunnions, so as to balance each other as they oscillate with the 
cylinder. A steam belt surrounding the cylinder connects the 
steam trunnion with the valve chests, and also the exhaust port 
of the valve casing with the exhaust trunnion ; two diaphragms 
as shojrn, are cast in this belt to prevent communication betwedh 
the entering and exhausting steam, except through the action of 
the slide valve. The top cover, TO, with its gland, G, and 
stuffing-box have to be made stronger and deeper than in ordinary 
engines with a connecting-rod and piston-rod crosshead guide, 
as they have to withstand the side stress of turning and stopping 



End View,— Osoillatinq Engine. 


the momentum of the cylinder, and the piston-rod aloffc to be 
made larger for the same reason. A bottom cover, B 0, is provided, 
for^ the purpose of facilitating the casting and boring out of the 
cylinder during manufacture, or getting in to clean oufr or to 
^piscrew the piston-rod nut on the bottoip of the piston. The 
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slide valves which are generally ordinary D slides, are worked ' 
by an ingenious arrangement from eccentrms on the crank shaft, ' 
as seen by the figure on the opposite page.^iii^ 



Oscillating Ctlindfb. 


Two eccentrics, E^, E 2 , generally cast and fitted on to the 
crank shaft, 0 S, in two parts, communicate an u]^ and down 
motion (when one or other of them is in full or partial gear), 
through their eccentric rods, E^R, E 2 R, the link, L, and die- 
block, D, to a curved sector, S, moving between two vertical 
guides, G R. In this curved sector, S, are fitted two metal 
blocks, Bj, £ 2 , attached to the inner ends of two rocking levers, 
B Li, R L^f which transmit a simultaneous down and up motion 
to the cylinder valve spindles, V Sp V S,. The rocking levers 
with fulcra, 7p ¥^9 are fixed to cylinder and curved to^d it to 
meet the valve spindles. The curvature of the sector u drawn 
with a radius from centre of trunnion. When it is re<||iired tp 
reverse the engine, the reversh^ rod, RB, is moved to the right of 
t6 the iefb according as the engme is required to go ahead or a8t^r% 
by thie starting wheel, which is usually fixed on the platform on 
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a level with the top framing carrying the crank shaft. Either 
one or, if preferred, two air-pumps are worked at an angle from 
a central crank (shown in the end view), by means of a connect- 



Valve Geab eob Oscillatino Eboinb. 


G S for Crank Shaft. S for Sector. 

El, E] „ Eccentrics. GR „ Guide Bods. 

El B, E2 R „ Eccentric R Li, B Ls „ Booking Levers. 

L ,, „ Link. Pi, P2 ,, ,, y, fulcra. 

BR „ Reversing Bod. Bi, Bf „ Sector Blocks. 

D „ Link Died)look. VSiyVSs „ Valve Spifidles. 

ing-rod attached to a trunked plunger, while the condenser, if of 
the jet type, is placed between the cylinders, and if of the sur&ce 
kind either before or behind them, but in the centre line of the ship. 
Between 15 and 25 years ago, oscillating engines were by 
most popular kind of engines for fast passenger paddle- 
wheA steamers in this country.' The oscillating engine was 
hsually worked at a steam pressure of from 30 to 35 lbs. on the 
square inch« and produced most economical results at that pres^ 
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sure, having sometimes as low a consumption as 2f lbs. of coal 
per indicated horse-power-hour. Now, however, engines of the 
compound type, with an early cut-off and expansion valve, can 
be made to work much more economicidly than this* A {|eneral 
feeling exists, that the trunnions of osciUating engines will hot 
keep tight at very high pressures, such as 100 or more lbs., 
although some aver that there is no great practical difficultly in 
this respect. The oscillating form of engine does not seem to 
lend itself readily to compounding, and we do not hear of so 
many being ordered as formerly ; direct-acting diagonal engines 
being seemingly preferred. However, where the economy of 
compound engines does not show to so great advantage, such as 
in the case of steamers making quick, rapid, short passages, with 
frequent stoppages, the oscillating engine is still a favourite, 
for it is the most compact and direct acting type of engine we 
have. It is easily started and stopped, the weight of the 
nfachincry is less than in most kinds, and is well down in the 
hull of the ship ; moreover, the stresses are transmitted 66, and 
readily taken up by the keelson, and the ship’s frames. 

Lectube ’XXL — Questions. 

1. Beferring to the early history of steam navigation previous to the begin- 
ning of this oentuiy, point out the chief causes of failure of early inventors. 

2. Give an outline free-hand sketch of a ** side-lever engine,” with 
Index of parts, using the first letters of the names of the parts, and state 
why this type of engine was given up, and when. 

3* Give an outline sketch, with index of parts, of the ” American beam 
engine,” and state the advantages claimed tor it, which will account for its 
retention, even to the present date, by the Americans What is the hog 
frame,” and of what use is it ? Have you ever seen it or the beam marine 
engine applied in this country ? If so, where ? 

4. Sketch in outline a ” steeple engine” and a ** double cylinder 
engine,” with indices of the chief parts. 

6. Sketch in outline a Grasshop]^r engine, and give an index of the 
chief parts. State the advantages claimed for this form of engine, and the 
kind of steamer for which it is best adapted. Have you ever seen an 
engine of this kind at work, and where 7 

6. Describe an eccentric and eccentric rod as fitted to marine engines, 
and show that they produce the same motion as a crank and connecting-rod* 
How is the eccentnc connected with tiie slide valve m an oscillating engine? 
Give sketches and index of parts. 

7* Describe the construction of the cylinder of an oscillating engine. 
Make a diaeram showing how the slide valves are worked by the ecoentriA 
as well as the steam ana exhaust passages. 

3. Describe, with sketches, the construction and arrangement of the 

cylhider, steam ports, and passages, together with the slide valve of a 
marine osoUlating engine, and show the manner in which the valve fleaaia 
adapted to the oscillating cylinder. ^ 

9. Describe, with sketwes, the construction of an oscillating enginei and 
the method of distributing the steam. 
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CONTINUATIOiT OF LECTURE XXL 

CoNTJSNTS.— Diagonal Direct- Acting Engines, with Joy’s Valve Gear and 
Alloy’s Flexible Coupling, &c. — Paddle- Wheolb— Radial Paddle-Wheel 
• .—Feathering* Paddle- Wheels.- Questions. 

Diagonal Direct-Acting Engines. — This form of engine is very 
convenient, and is now the most popular for fast paddle-wheel 
river steamers of light draught. As will be seen from the 
illustrations which we give, it is neither more nor less than a 
horizontal engine set at such an angle, that the forward endPis 
elevated to suit the necessary height of the paddle shaft, while 
the after end rests firmly on the ship’s floor frames. It no doubt 
takes up a larger fore and aft space than the oscillating type, but^ 
on the other hand, it occupies less space athwart-ship, and when 
the framing is carefully designed, using wrought-iron and steel 
wherever possible (instead of the older style of cast-iron framing), 
the weight per horse-power does not in all probability exceed 
that of its chief rival the oscillating engine. The weight is also 
better distributed along the keel of the ship, and the stresses set 
up by its action are chiefly in a fore and aft and downward 
direction, and therefore easily resisted by the natural structure of 
the vessel. Moreover, the chief working parts are in full view 
of the engineer while at the starting wheel, the engine is readily 
got at for adjustment and repairs, easily compounded, and all the 
most modem and efficient devices for quickly starting, stopping, 
and reversing, or for economising steam are easily applied to it. 
We illustrate one of the latest of these popular diagonal direct- 
acting engines, of which eight sets with their boilers, ibc., were 
made last year (1885) by Messrs. Alley A Maclellan, Sentinel 
Works, Gl^gow, for steamers now trading on some of the large 
fivers in India. 

By studying the two figures, along with the index of parts, the 
student will be able to ^t a minute idea of the general arrange- 
ment of boilers and engines, but, in order that he may the better 
gJMp the construction of the engines, we illustrate a perspective 
view of them as they lay in the workshop before being removed 
and fitted into the steamers. It will be observed that they are 
compound condensing engines, and are fitted with all the UEtesI 
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Diagonal Compound Engine and Boiler. 

improvements, such as Joy’s valve gear and Alley’s flexible main 
shaft coupling. As these two improvements or modiflcations of 
them are fast coming into use, we shall illustrate and describe 
them. 

JofjfB PaUnt Valve Gear is a clever device, whereby the 
necessary motion of the slide valve, and the flusility for reversing 
the engine, are effected by a series of links and connections between 
the connecting-rod and the valve spindle, thus replacing the 
ordinary double eccentrics and Stephenson’s link-motion. The 
motion obtained by it is a very perfect one for a slide valve, for 
the travel of the valve is made quick on opening and on shutting off 
jiteam to the cylinder, and slow when the steam is expanding and 
exhausting. This is effected without any undue lead or com- 
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pression, or too early an exhaust. The space usually occupied by 
eccentrics on the crank shaft is savedi and thus the cylinders and 
the cranks, as well as the main bearings, can be brought much 
closer'together. 

, At a joint, J, on the connecting-rod, 0 R, is attached a double 
link, Lj Lj, about ^ along this double link is attached a pair of 



Cross HicrnoK through Lire A.. B on other View. 
Diagonal Comfounu Ekgires and Boiler. 

Index to Both Fietos, 


PD 

for Promenade deck. 

MD 

„ Main deck. 

CD 

„ Coal (bunker) door. 

B 

„ Boiler. 

F 

„ Funnel. 

G 

„ Gauge pipe to indicate 


height of water. 

SVi 

„ Safety valves. 


„ Stop valve. 

SP 

„ Steam pipe. 

Di, • 

„ Door to engine room. 

W.W, 

„ Windows „ 

Ls 

„ Ladder „ 

s 

„ Seat for Engineer. 

sw 

„ Starting wheel 

VO 

„ Valve casing. 

0 

•» Clylinder,lowpresBare. 


£ P for Exhaust pipe. 

W S „ Wrought-iron stanebion. 
SCo „ Sur&ce condenser. 

G P „ Circulating pump. 

IV „ „ inlet valve. 

DP „ „ discharge pipe. 

A P Air-pump. 

HW „ Hot-weU. 

CR, CB „ Connecting-roda 
CS „ Crankshaft. 

PC, FC „ Flexible couplings. 

P S, P S „ Paddle shafts. 

P W «« Paddle-wheel 
EB, £B „ Outer eccentric bear- 
ings for lipithering 
floats. 










Alley akd Maclellan’s Compound Diagonal Engines. 
Dimensions op Compound Diagonal Engines, &o. 


SlBAMBB. 

Oim Boilbr (StibiA 

Ebolnes. * 

Builders* mdasuromonts 222tons 
Length . . s 140 feet. 

fiW'* . . » 18 feet 

Depth of hold . ss7ft.6in. 
8]^. . . emkts. 

weighftpf^ij^nes ss 32 tons. 

823 tons. 

Diameter . . sllftOin 

Length . . s 9 ft. 6 in 

Thickness of shell » ^ in. 

Furnaces . . as Two. 

Tubes , . . =192 

„ Diameter =3^in.O.D 

Orate surtace . = 33 sq. ft 

Total heating surface = 1398 sq. ft 
Pressure . . =100 lbs. 

Diameter H.P. cyL ' = 23 in. 

„ LP cyl. 8 87* in. 

Length of Stroke = 80 in. 

No. of strokes per min. =44 

Out off in each cyl. = 15 in. 

Indicate 1 Horse-Power 8 800 
Diameter of Paddles 8 13 ft 

Breadth . . . 86 ft 

Immersion . 88ft81a 
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l|iiks, L,, the upper ends' of these being coupled first to 
blocks, S B (woriiing in curved guides, 0 G), and the ei^ 
treme end to the valve connecting-rod, V R, which terminates 
at and is fixed to the valve spindle, Y S, with its accompanying 




slide valve, 8 Y. The lower end of the double links, Iij L^, is 
connected to a radial rod or link, Lg, terminating in 4 fulcrum, 
F, fixed to a bracket on the high-pressure cylinder HPO, 
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wherein is shown the piston, P, and piston-rod, P R. Precisely 
the same arrangement is carried out with respect to the low- 
pressure cylinder and slide valve. The double (cu^ed) guide, 
0 Q, is free to move to the right or to the left in bearings 
carried by the main framing brackets, FB (see also the per- 
spective and general views of the engine). The reversin^y>r 
starting wheel, S W, is keyed at the upper end of the reversing 
Iscrew, R S, which screw has a nut, N, fixed to the reversing 
levers, R L. 

It will thus be seen, that the combined to-and-fro, up-and-^own 
motion of the connecting-rod, is converted and transmitted to 
the valve spindle, in the form of a merely to-and-fro motion. 
The eccentricity of the connecting-rod’s motion being duly 
corrected by the relative positions and lengths of the several 
links, L^, Lj, Lg, <bc., and that by elevating the nut, N, by the 
reversing screw, R S, the curved guides, 0 G, are turned 
bacWai^s or from the cylinder, this action draws forwardiithe 
valve rod with valve spindle and slide valve, admitting steam 
behind the piston, and causing the engine to move for^vard, or 
in other words putting it in forward gear, while the depressing 
of the nut, N, effects precisely the opposite, and causes the 
engine to revolve backwards. All the joints are made very sub- 
stantial and should be case-hardened, while their pins should 
be of steel to prevent wear and obviate rattling. 

Alleys Patent Flexible Coupling , — The engines being described 
were fitted with this invention, which allows the paddle shaft to 



accommodate itself to the yielding of the paddle boxes and the 
hull of the vessel as it vibrates and changes form when working 
in a sea-way. It is equally applicable to the shafting of screw 
ste^ers.^ The hull of a vessel cannot be made absolutely 
rigid, and therefore it is wrong to make the shaft rigid. With 
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a rigid shaft and a flexible hull the result is an enormous 
amdunt of friction in the bearings, which consumes power, and 
often causes the bearings *^to Are.” Scarcely a month passes 
that we do not hear of some steamer breaking a main shaft, 
often to the danger of life and property, and this in many 
instaqpes may be traced to a want of trueness in the line of the 
bearings, due to the vessel having warped from uneven stowage, 
• or from having encountered heavy weather. 

The coupling consists of a projection formed on the end of the 
jpaddle. shaft, PS, which is part of a ball, the centre of this 
projection being formed into a blunt point at,j9. This point 
reste hard against the crank shaft, OS, and transmits any 
thrust adong the line of shafting. The outside of the projection 
is clasped by the coupling ring, 0, turned to flt the ball joint. 
This ring, 0, is made in halves (as may be seen by the end 
view), and is secured to the crank shaft by means of the driving 
bolts, DB. The concave portion of this ring takes any pull 
that may come on the shaft along the line of shafting. The 
ends of the driving bolts, DB, project as shown into holes 
in the paddle shaft, PS, and thus act as drivers. These 
projecting pins are made 2^ times the diameter of the bolts 
usually employed for main-shaft coupling flanges. These pins 
are slightly barrel-shaped in form, and made an easy flt for the 
holes in which they work. The holes are lined with hard steel 
bushes, S B, while the pins are case-hardened to prevent chafing 
and wearing away. It will be observed that there is a small 
space left clear between the paddle shaft fiange and the coupling 
ring, 0, to permit of perfect up and down or side play, or 
un-linement between the crank and paddle shafts for the reasons 
already mentioned. 

Remf Tahea . — On referring to the perspective view of the 
engines, it will be seen that relief valves, B Y, are fitted not 
only to the front and back of the high- and low-pressure cylinders, 
but also to the back of the low-pressure slide valve casing, for 
the purpose of preventing damage to these parts through water 
gathering in them. These relief valves consist of ordinary mush- 
room valves, held down by strong spiral springs, and adjusted to 
any desired pressure by hsjid wheels and screws, as shown. 

Dra/m D 0, are fitted to the back of the high-pressure 
slide valve casing, and to the bottoms of both cylinders. The 
pipes leading from them are all connected to the condenser. 
These cocks are opened before starting the engines, so as to clear 
away any water that may have resulted from condensation of 
steam, and also when the engines have to be stopped for any 
length of time. 
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Paddle-Wheels. — Having briefly described the different fq^rmS 
of enffines used for driving paddle-wheels^ we now naturally 
refer to the wheels themselves, leaving a description of the screw 
propeller until s^r we have noticed the styles of engines more 
particularly adapted to driving it. 

The efficiency of the paddle-wheel ffills off when the wh^el is 
too deeply immersed, consequently for long voyages, where the 
draught of the vessel decreases as it proceeds, due to consumption 
of coal, (he., if the wheels are to be immersed to the proper 
depth at the end of the voyage, they must of necessity be too*» 
deep at the beginning. This variable immersion of paddle-wheels 
is the most serious objection to their use for long voyages. Also, 
in a heavy sea the roUing of the vessel, besides causing the 
engines to race, induces unequal straining of the machinery, 
since one wheel lifts out of the water, while the other sinks 
fnore deeply in it. Neither of these disadvantages is fqiind in 
the screw propeller, for the screw is immersed considerably 
below the surface of the water, and since it is placed in the 
centre line of the ship, the rolUng motion has no effect on it. 
The heaving of the ship in a fore and aft direction causes racing 
of the engines, but no unequal straining is set up. For short 
voyages, however, and where the draught is practically un- 
changed during the voyage, the paddle-wheel still holds its own 
with the screw, and for navigation in shallow rivers it is very 
valuable; the screw, in such a case, being quite unsuited, on 
account of its nearness to the bottom of the vessel. The vibra- 
tion set up by the motion of paddle engines also is not so great 
as that from the ffist-running engines necessary for the screw 
propeller. 

Radial BaddWWhad . — This form of wheel is the simplest, 
strongest, least expensive, and least liable to derangement, but 
is also unfortunately the least effioimt. It consists of radial arms, 
which are attached to a cast-iron boss at the centre, and are 
bound at their outer extremities by one or two wrought-iron 
rings. Flat boards are fixed rigidly to these radial arms, parallel 
to the axis of the wheel, and are known as floats,” and it is 
the thrust or push which these boards or floats exercise upon 
the water as the wheel rotates, which propels the vessel The 
floats of a wheel of this kind, of necessity enter and leave the 
water in an oblique manner, and are only perpendicular to the 
surfistce of the water when they come imme<tiately below tile 
centre of the wheel Therefore, since the pressure which a float 
produpes is perpendicular to its surface (i.e., perpendicular to 
the iqpdius of the wheel), it is only when the floats are passing 
their lowest point, that the whole pressure they exert is utilised 
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in Qropelling the vesael ; in all other positions) it is only the 
horizontal component of the pressure which exercises any pro- 
pelling effect) and the greater the obliquity of action) the less is 
this hofizontid component. A large proportion of the power 
spent in driving paddle-wheels of this form, is wasted in beating 
and Skuming the water with the floats, when these are in 
positions on either side of the vertical line through the centre. 
The deeper the immersion of the radial paddle-wheel, and the 
smaller its diameter for a given depth of immersion, the greater 
.«is the obliquity of action, and therefore the greater is the loss of 
efficiency. 

Badial wheels are sometimes made in such a way that the 
floats can be quickly detached and flxed in positions nearer the 
centre of the wheel. This is advantageous, when from an 
increased load, the draught of the vessel becomes greater, thus 
causing greater immersion of the paddle-wheels, since then th^ 
diameter of the wheel is reduced, and thus by reducing the 
immersion of the floats, diminishes the loss from oblique action. 
This operation is known as reejmg the paddle-wheels. 

Badial wheels, double the diameter of feathering ones, are 
about equal in efficiency, but then the engine is quite twice as 
heavy. See American Engine. 

t^eoitheri/ng PaddU-Wheeh . — ^This form of paddle-wheel, as 
illustrated, is designed with the object of getting rid of the dis- 
advantages which arise from the obliquity of action of the radial 
wheel. 

The floats are not flxed rigidly to the radial arms, but are 
hinged to them, and are provided with levers, G L, so that they 
may be turned into any position. These levers are connected 
by rods to a boss or eccentric strap, E, which rotates on a central 
flxed pin on the sponson beam. This central pin is so placed in 
relation to the centre of the wheel, that the floats enter the 
water edgewise, and when in the water, are kept by the levers 
in a position nearly perpendicular to its surface. The radial 
arms of the paddle-wheel, F, are forged with small brackets on 
them at right angles to their lengths, so as to receive the round 
pins about which the floats hinge. 

To find the position of the eccentric pin in order that the 
floats nfky enter the water edgewise, and pass through it nearly 
perpendicular to its sur&ce, the following simple construction is 
neces^iy: — Suppose the lower edge, P, of a float to be just 
entering the water, then, in order (£at the float may enter edge- 
wise, ihe resultant of its own velocity of rota&on the 
horizontal velocity of the vessel, must lie in the plane of the float.* 
Let, PA, represent the velocity of the vessel, and, P B, that of 
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Paddle-Wheel with Feathering Floats 
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is the resultant, and the plime of the float must contain F R 
Produce, R P, to cut the verticBd through the centre, 0, at, Aj, 
and at right angles to the line, B (which is the line of the 
float); lay off, H Q, equal to the distance from the face of the 
float to the centre of the hinge, and, 0 L, equal to the length of 
» the. lever. Now set off in outline another float immediately 
under the centre of the wheel, with its face perpendicular to the 
'^BUiface of the water, and having the end of its lever at M. 
With,*M, and, L, as centres, and radius equal to, G 0, describe 
arcs intersecting at, E, then, E, is the centre of the eccentric 
. <ipin! * Having thus determined the position of, E, the complete 
wheel may be drawn down and the proper pitch given to the 
Boats. In actual practice the probable slip of the paddle-wheel 
has to be taken into account, and, therefore, a smaller circle than 
that with radius, C G, will be the rolling circle. The floats must, 
therefore, be so adjusted by moving the eccentric, E, that when 
entering and leaving the water they shall point to a positioir 
on the vertical centre line, considerably higher than the point, 
A^, as shown by the right-hand figure. It is, however, advisable 
to make the floats enter the water a little flatter than the 
position so calculated for the assumed amount of slips, in order 
that the pressure of the water shall not come on the forward 
side of the floats. The speed of the paddle-wheel and of the 
ship should be carefully compared on the trial trips, and the 
eccentric shifted, if need be, until the best results are obtained. 
A considerable increase of speed of certain ships has been 
recorded by thus finding the most suitable place for the feathe^ 
ing eccentric. 

The feathering paddle-wheel, although much more efficient 
than the radial wheel, is more liable to derangement^ since any 
accident to the feathering apparatus would paralyse the action of 
the entire wheel For this reason it did not find general favour 
when first introduced, but now it is almost universally adopted. 
It requires to be made specially strong, and all the pins and 
wearing parts should be cased with brass to prevent corrosion. 
The boss or eccentric, E, which carries all the rods for feathering 
the floats, runs loose on the fixed eccentric pin, and is turned 
round by one specially strong rod, known as the driving or king 
rod, shown at L E. The floats for large paddle-wheels are now 
frequeiftly made of steel and curved slightly concave, )— ♦ 
towards the direction of meeting the water when steaming 
ahead. 
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Lboiubb XXI.-~Questions {Ccfidinwd). 

' o 

1. Sketch end describe by an index of parts a side and an end view of 
tile general arrangement of diagonal direct-actiiig engines, as fitted tnta a 
river passenger steamer, including the boiler. 

2. Why are compound-diaeonal direct-actine engines preferred to 

oscillating or other kinds of engines for shsilow river paddle&wheel 
steamers? ^ 

8. Sketdi and describe by an md» of parts, side views and a plan of a 
compound direct-acting diagonal engine. 

4. Sketch and descnbe by an inoex of parts, Joy’s v^ve gear, pointine 

out its advantages and disadvanti^es as compared with eccentrics >and 
link-motion. • «. 

5. Steamer main shafts often break, or their bearings ‘give trouble by 
heating, account for this, and describe a plan or plans for alleviating this 
eviL 

6. Sketch and describe a simple radial paddle-wheel. For what reasons 
has this form of wheel been abandoned ? 

7. Sketch and describe, by an index of parts, a modem feathering float 
paddle-wheel. What advantages has it over the older form o£^ paddle- 
wheel T 

8. Describe how you would design and construct the arms, floats, and 
featiiering arrangements for a paddle-wheel 

9. Describe, with such sketches as you think necessary, some method 
of constructing a paddle wheel with feathering floats. Why has Buchanan’s 
method, of causing the floats to dip into the water vertically, not been 
adopted in practice ? 

10. Describe Stephenson’s link motion and Joy’s radial valve gear, and 
explain precisely the effect of “screwing” or “notching” up in each 
case. Sketch the indicator cards in order to illustrate your remarks. 
(0. & a, 1902, H.. Sec. B.) 
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CONTINTJATION OP LECTURE XXL 

Contents. — Earlv Invention of the Screw Propeller— Geared Engines— 
• ^nn’s TrunK Engine— Maudslay’s Return Conneoting-rod Engine — 
H^zontal Direct- Acting Engine— Vertical Direct- Acting Engines 
N — Questions. 

Eaxly Invention of the Screw Propeller. — As we remarked 
, before,, when reviewing the early history of the marine engine 
prior to the beginning of this century, Daniel Bemouilli invented 
in 1752 a screw propeller which he proposed to drive by a steam 
engine, and John Fitch experimented with a little screw steam- 
boat on the “Collect” Pond, New York, in 1796. In 1804, 
Colonel John Stevens of Hoboken, America, completed a steam- 
boat 68 feet long, and 14 feet beam, which he fitted with a watey 
tubulaf boiler, and a direct-acting high-pressure condensing 
engine, having a 10-inoh cylinder of 2 feet stroke, driving a screw 
with 4 blades, and of a form which even at the present day 
appears quite good.^ 

A model of his boiler, engine, and screw, is preserved in the 
Mechanical Engineering Lecture Room, at the Stevens’ Institute 
of Technology. In 1805, Stevens built another boat, introducing 
twin screws. Several other engineers proposed, and some of them 
tried, screw propulsion, but it was not brought into general use 
until John Ericsson, a Swedish engineer residing in England, 
and E. P. Smith, an English former, perfected and pushed its 
introduction in Great Britain, and in America, in 1836-37. 

Geared Engines. — ^Within a few years firom this date, the style 
and speed of steamship engines became entirely altered from 
what had been used in connection with the paddle-wheel ; yet, 
engineers naturally tried at fii^t to adapt the then existing forms 
of paddle-wheel engines to drive the screw. The screw has, how- 
ever, to be run at many more revolutions per minute than the 
paddle-wheel, and since engineers in those days regarded any- 
thing over 200 feet per minute of piston speed as dangerous, or 
likely to derange their machinery, they preferred to get up the 
necessary speed by gearing. Thus, beam, side-lever, oscillating, 
and some of the various other forms of engines already mention^ 
in Lecture XX., were made to do duty in driving the screw 
propeller by means of stepped cog-wheels. Shortly after the 
successful commercial introduction of the screw as a propeller for 

* See Prof. Thurston’s HUtory of (he Steam Engine, , 
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merchant shipS| the Admiralty were induced to build two smpfi of 
the same model and size, viz., the Raider and the AlectOt fitted 
with engines of the same power, but the former was provided 
with a screw, and the latter with paddle-wheels. A senes of 
competitive trials were made with these two vessels, and the* 
great success of the Redder so satisfied the Admiralty and all 
engineers of the advantages possessed by the screw, that very 
soon came to be generally adopted for ocean-going steamers. By 
gradual steps and improvements in the arrangement, and^ con- 
struction of the machinery, direct-acting fast-speed engines were 
adopted, until nowadays a piston speed of 700 feet per minute 
is not uncommon. 

We now propose to briefly notice a few of the most successful 
styles of screw-driving engines before explaining the screw itself, 
and in a future lecture we shall describe in full detail a set of 
compound inverted cylinder vertical engines. In the navy, where 
tl^e machinery has to be placed below the water line, the three 
principal types of horizontal engines that have in turn*’ found 
favour with the Admiralty, are — (1) Trunk, (2) Return Connect- 
ing-rod, and (3) Horizontal direct-acting. In the merchant 
service, the vertical in<rerted-cylinder direct-acting engine has 
been generally adopted for the last thirty-five years. 

Penn’s Trunk Engine. — ^The difficulty of obtaining a sufficiently 
long stroke from the direct-acting horizontal engine in the case of 
a man-of-war, where the engines had to be placed as near the 
keel of the ship as possible, was solved by Mr. John Penn of 



Greenwich. He hinged the connecting-rod direct to the centre 
of the piston by means of a gudgeon, surrounded by a brass 
cylindrical case or trunk, concentric with the steam cylinder, as 
seen in the following figure. This trunk was fixed to the 
piston, and protruded from each end of the cylinder through 
stuffing boxes, thereby not only giving additional support to the 
piston, tbut also permitting access for oiling the gudgeon asA 
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odnnecting-rod end, and preserrin^an equal area to the preaaure 
of the steam on both sides of the piston. 

Seaton, in his Mcmual of Moerme Engvneermg^ says — ‘*This 
engine is the lightest and most compact of all the forms of 
^marine screw engines, when constructed of the same materials ; 
and for large sizes with the lower steam preaemea^ has been 
unstrpassed by any other type of engine. The length of stroke 
is considerably more than that of the ordinary direct-acting 
engine, and the connecting-rod much longer than that of any 
other form, being from two and a.half to three times the length 
of th*e stroke ; the weight of the piston is taken by the trunks in 
a great measure, and there are no piston-rod guides. But with 
the increase of pressure the defects of this form become more 
apparent, and lie with the very part that distinguishes it — ^viz., 
the trunk. 

** The friction of the large stuffing-boxes is very great; in f|ct, 
may J»e so great by unduly tightening the glands as to stop the 
engine. The loss of heat from the large surface of the trunks 
being alternately exposed to steam and to the atmosphere, is 
very great, as is also that from their inner surfaces. The 
gudgeon brasses are exposed to a very high temperature and 
liable to become heated, and when heated cannot easily be 
cooled, as from their position they are not readily adjusted.” 

Penn arranged his engine so that the direction of motion of its 
crank when going ahead caused the thrust of the connecting-rod 
to be upward, and thus, as far as possible, to relieve the bottom 
of the cylinder from the tear and wear due to the weight of the 
piston. Some of the largest and most powerful ships in the 
British Navy have been engined with this Trunk form, such as — 
H.M.S. Neptune^ 9000 H.M.S. Sultan^ Herculean Minotaw, 
NortEwmJberkmd, Warrior, jBlacJb Prime, Devastation^ <fec.* 

Maudslay’s Return Connecting-Rod Engine. — Another modi- 
fication of the horizontal engine, or rather of the old steeple 



A number of these ships have been re engined with more modern type^ 
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torm^ is that known as the return connecting-rod, whichr^lfo 
same * object is attained as in the last type, viz., a sufficiency 
long stroke and connecting-rod in the narrow cram^d space of the 
hold of a vesseL The general arrangement will be at once 
understood from the preceding figure. 

By the above design, the cylinder may be got close up to the 
turning range of the crank pin and connecting-rod head, thsjt a 
longer stroke is obtainable than by any other plan of horizontal 
engine arrangements. The difficulty in small engines of getting 
in a small high-pressure cylinder alongside of the larger low- 
pressure one ^with the object compounding the engine^, owin^ 
to the necessity for two piston-rods from each cylinder clearing 
the crank shaft, is overcome in most instances by placing the 
high-pressure cylinders immediately behind the low-pressure 
ones — ^tandem fashion — ^with one piston-rod only, protruding 
from behind each of the low-pressure cylinders, and attached to 
the high-pressure piston. The chief objections urged against 
this form of engine are — (1) The double piston-rods from the^front 
ends of both cylinders ; this entails double the number of 
stuffing-boxes, and the keeping of the crank shaft bearings from 
being close to the crank arms. (2) The eccentric-rods are also 
of necessity very short, unless placed, as is sometimes done, on 
the same side as the connecting-rod. The first engines of H.M.S. 
Monarch and Raleigh were of this type, and had four piston-rods 
to each cylinder. 

Horizontal Direct-Acting Engine. — This form of engine having 
its connecting-rod directly between the piston-rod crosshead 
(on the cylinder side) and the crank is certainly the simplest and 
most convenient type for a gun-boat or large naval vessel, where 
sufficient room can be obtained. Most of the late Admiralty 
orders are being constructed on this plan, c.^., the Australia 
and Galatea by Messrs. Bobert Napier & Sons, and the six 
ships of the Scmt and Archer class* by Messrs. J. k G. Thomson 
of Olydebank. 

They have the same essentml parts, and work on the same 
principle as the compound inverted-cylinder engines which we 
shall describe in Lecture XXII.; and we only omit explaining 
and illustrating their distinctive features and details from want 
of time, space, and diagrams at our disposal. 

Vertical Direct-Acting Engines. — The simplest form of marine 
engine used for small tug-boats and for steam launches at the 
present time, is that of the compound inverted-cylinder non- 
condensing type. The following illustration shows the general 

* * Vor perspective views and a description of the Scout's engines, see 
The Engmer^ December 18, 1885. 
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cement oi one of a pair of these small engines manufactured 
hj Ipssrs. Alexr Shanks & Bon, of Arbroath ; from which it 
^U^e seen, that the high and low-pressure cylinders are 
supported at the back upon two cast-iron columns, and at the 
front" by two wrought-iron stanchions. All four supports are 
fixed to a strong cast-iron sole-plate, which is bolted to the 
shi^ifs floors. The back columns form the guides for the cross- 
he^s of the piston-rods. The Talve casings are placed on the 



Shank’s Compound Non Condensing Engine. 


fore and aft ends of the cylinders, which admits of the slide 
valves being readily inspected and adjusted. The slide valves 
are worked and reversed by the ordinary double eccentrics with 
link-motion. A boiler feed-pump is worked from one eidd of the 
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crank* shaft, an(i a bilge-pump fiom the other end^^oth^Mb^ 
driven by eccentrics, £c«, as shown. The whole of the 
moving parts ai;i^ easily got at for oiling and foPflUljuatmexft. md 
all weaving parts are arranged so that the wear and tear nwy be 
readdy taken up It y>i\\ be observed that the upper eims of 
both connecting-rods are provided with piojecting pins on^ly^ir 
inner ends. This is for the purpose of working air and cirojlat- 
ing pumps by means of levers, should it be found desiram to 
work the engines as condensing engines, in which case, a sumcer 
condenser is placed separate^ from them in some conve:^i]!,t 
corner of the engine-room. The speed of these engines i^arietf 
from 230 to 300 revolutions per minute. 


Leotubb XXI —Questions [Contmtied), ^ 

1. On the introduction of the sciew as a ship’s propeller geared epgmes 
were at first adopted, why^ What advantages have duect acting over 
geared engines ^ 

2 Sketch a section, through the cylmdei, air pump, and condenser of 
Penn’s trunk engine Desciibe generally the arrangement of the engine, 
and show the connection of the piston with the sorow shaft Why is this 
stylo of engine being discontinued in the Navy ^ 

3 Describe, with a sectional sketch, Maudsla} ’s return connecting rod 
engine, and point out its advantages, and disadvantages. In what class of 
ships are Maudslay’s and Penn’s honzontal engines used, and why ^ 

4 What style and arrangement of engine is now being chiefly ordered by 
our Admiralty, and why ? 

5, How would you arrange the cylinders for compounding a pair of 
simple condensing Maudslay’s return (Kinnecting rod engines ^ 

6 Give a general outline freehand sketch, with concise t}escription, of a 

pair of inverted cylinder compound non condensing engines For what 
classes of ships is this style of engine suitable, and why ^ « 

7 Sketch and descube an escape valve as fitted to the cylinder of a 
marine engine. Why is such a valve reqmied, and where is it placed ^ 









